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ABSTRACT 
 
Ultrasound phantoms that mimic injury are training devices that can emulate pre- and post-
injury conditions within specific regions of human anatomy.  They have the potential to be 
useful tools for teaching medical personnel how to recognize trauma conditions based on 
ultrasound images.  This is particularly important because the increased use of portable 
ultrasound systems allows earlier diagnosis of internal trauma at locations such as traffic 
accidents, earthquakes, battlefields and terrorist attacks. 
 
A physical injury mimicking ultrasound phantom of the peritoneal cavity was constructed that 
mimicked the ultrasonic appearance of internal bleeding.  Bleeding was simulated by injecting 
600 mL of fluid of varying densities into the bulk of the phantom and comparing the ultrasonic 
appearance to before bleeding was simulated.  The physical phantom was used to investigate 
whether or not the density of the injected fluid had any influence on the increase of inter-organ 
fluid volumes. 
 
The physical phantom was imaged in 3D with a 4.5 MHz phased array transducer, and two 
fluid volumes were segmented using the segmentation software ITK-SNAP.  The 3D image 
representation of the phantom showed a difference qualitatively and quantitatively between 
pre-injury and post-injury conditions.  Qualitatively, the physical model was analyzed.  These 
specific criteria were analyzed within each image: 1) the number of individual organs that are 
present, 2) the number of other organs that each individual organ touches, 3) the appearance of 
fluid between the organs and the scanning membrane and 4) the merging of two separate fluid 
pockets.  Using a Wilcoxon Rank-Sum test, a statistically significant difference was shown to 
exist between pre-injury and post-injury ultrasound images with a 95% level of confidence. 
 
Quantitatively, a Chi-Squared test was used to show that the volume of fluid between adjacent 
organs, calculated by ITK-SNAP, had no dependence on the density of the injected fluid.  
Furthermore, using a one-tailed T-test, there was at least a 99.9% confidence that the inter-
organ volume estimations for the pre-injury and post-injury configurations were statistically 
different. 
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As a final means of evaluation, the experimental phantom was taken to Harvard Medical 
School in November 2006 and analyzed by ultrasonographers.  The doctors were very excited 
about its potential uses and found other interesting characteristics that the phantom was not 
designed for.  In addition to modeling the appearance of an injected fluid volume, visualization 
of fluid flowing into the phantom, modeling the appearance of air in the inter-peritoneal space 
and simulating a surgical tool or bandage being accidentally left inside the patient could be 
modeled as well. 
 
The injury mimicking phantom was also modeled numerically, using ADINA finite element 
software.  Using the same external dimensions as the experimental model, the numerical model 
showed that for physiologically unrealistic, very high fluid injection densities, the displacement 
of the organs had no statistical dependence on the density of the injected fluid, using an 
acceptance criterion of: P-value < 0.05.  This was confirmed using an F-test of the average 
organ phantom tip displacement tabulated at several different times during simulation.  The P-
value obtained for analyzing the average tip displacement was 0.0506.  However, a plot of the 
mass ratio, an expression of how the injected fluid has dispersed into the bulk of the phantom, 
showed that an unrealistically high fluid injection density had a different mass ratio profile than 
the other fluid injection densities that were simulated.  This F-test revealed a strong indication, 
P-value = 0.0069, that the very high density caused a different fluid dispersion pattern.  The 
numerical phantom offered a distinct advantage over the experimental model in that the 
dispersion of the injected fluid could be modeled numerically but not observed experimentally.   
 
Modeling the phantom numerically had some disadvantages.  The numerical model had to have 
a large gap between adjacent organs.  This had to occur because the contact algorithm within 
ADINA is incapable of modeling dynamic contact when fluid-structure interactions are 
modeled.  This led to a volume fraction representation of the solid domain that was too low 
compared with the experimental model and what is found anatomically.  For future iterations of 
the injury mimicking phantom, the numerical model will be used to help design the physical 
phantoms. 
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1.  INTRODUCTION 
 
1.1.  Brief History and Standards 
 
Ultrasound detects internal structures in the human body by emitting pulses of sound 
energy.  Once a sound wave encounters an internal object, part of the wave is reflected 
back to the source.  Based on the properties of the reflected wave, a representation of the 
object can be constructed.  Ultrasound has found many manmade and biological uses.  
One application, sonar, is used by the Navy.  Based on the reflected waves from the 
contour of objects in a body of water, a detailed topography of a static or moving object 
can be generated.  Bats and dolphins use the same principle.  They emit high frequency 
sound waves that they use as a guidance system. 
 
Pulse-echo measurements with ultrasound were first used shortly after World War II.  
Advances with radar and sonar equipment tested on humans, spurred the growth of this 
technology.  In the 1950’s Dr. Inge Edler and Professor Helmuth Hertz viewed images of 
the heart using a commercially available reflectoscope, a device that traditionally was 
used to detect flaws within metal and welded parts [1].   
 
Hertz and Edler modified their reflectoscope to produce an image that was based solely 
on the amplitude of the reflected wave.  This became known as A-mode sonography.  
The device which converts the sound energy into vibrational energy is called a 
transducer.  The transducer for A-mode sonography had a single element that transmitted, 
received and subsequently amplified the returned signal.  An A-mode image typical of 
what was used in the 1950’s (Figure 1). 
 
 2
 
 
Figure 1.  Typical A-Mode Image from the 1950’s [2]. 
 
 
B-mode sonography was developed after A-mode.  ‘B’ stands for brightness.  B-mode 
introduced the scan plane and the scan line concept into ultrasonography.  Each pulse of 
the transducer creates a scan line.  The brightness of the scan line is directly proportional 
to the amplitude of the envelope of the reflected sound wave.  By performing multiple 
scan lines and combining the lines, a scan plane can be created (Figure 2).  A scan plane 
is a two dimensional representation of the imaged object. 
 
 
 
Figure 2.  Sample B-mode Image Typical of that Used in the 1950’s and 1960’s [3]. 
 
The method of collecting one scan line at a time was cumbersome.  In the late 1970’s, 
transducers were developed that had more than one element.  M-mode ultrasound 
scanning, although possible with a one element transducer, became a more widely used 
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scanning mode.  Here, ‘M’ stands for motion.  In M-mode scanning, a scan line is 
displayed versus time.  By keeping the scan line in one place, observing how the imaged 
structure changes over time can be observed (Figure 3).  The first tests with this method 
analyzed a pumping heart. 
 
 
 
Figure 3.  M-Mode Ultrasound Scan of the Heart [4]. 
 
The last imaging mode developed was Doppler Mode.  The Doppler shift is utilized to 
image internal motion such as blood flow (Figure 4).  The structure movement is 
determined by the change in frequency in the reflected portion of the ultrasound wave. 
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Figure 4.  Sample Power Doppler Ultrasound Image [5]. 
 
2D images are useful for looking at specific regions.  It is possible to combine 2D images 
into a representative volume.  3D ultrasound images are created from individual scan 
planes.  As the transducer head is moved over a body, 3D reconstruction software creates 
a volume based on the individual scan planes (Figure 5).  With the availability of 3D 
ultrasound, the 2D scan planes can essentially have any orientation for the reconstruction. 
 
 
 
Figure 5.  3D Ultrasound Image of a Smiling Baby [6]. 
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In addition to 3D imaging, there is also 4D imaging, which refers to a real-time capture of 
a 3D image (Figure 6).  An ultrasound transducer with a 2D arrangement of array 
elements is required.  There can be thousands of elements on a 4D ultrasound transducer. 
 
 
 
Figure 6.  4D Ultrasound Image of Infant [7]. 
 
There is a vast array of transducers available for ultrasonic scanning.  Frequencies used 
by transducers for medical imaging range from 1 to 15 MHz.  In general, the lower the 
frequency, the deeper the ultrasonic signal can penetrate into the body.  The resolution of 
an image increases linearly with the frequency of the transducer (Figure 7). 
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(a)      (b) 
Figure 7.  Illustration of Frequency Effect on Image Resolution at (a) 3.5 MHz and (b) 5 
MHz [8]. 
 
Ultrasound is used in many different disciplines within medicine.  A wide array of 
structures including fat, connective tissues, organs and muscles can be imaged 
effectively, inexpensively and safely.  Ultrasound is used in abdominal, vascular, 
cardiology, OB/GYN, gastroenterology, urology, veterinary and nephrology fields of 
medical study.  Different types of transducers are used for each type of medical field. 
 
1.2.  Ultrasound Phantoms 
 
During the last hundred years, medical training devices that substitute human subjects 
with anatomically and acoustically accurate representations of anatomy have become 
invaluable.  The first training devices, given the name ‘phantoms’, used x-ray radiation to 
detect embedded anatomical structures.  The governing body that defines the standards 
for radiation based phantoms is the ICRU (International Commission on Radiation Units 
and Measurement).  According to the ICRU a “ "tissue substitute" is any material that 
simulates a body of tissue in its interaction with ionizing radiation and a "phantom" as 
any structure that contains one or more tissue substitutes and is used to simulate radiation 
interactions in the human body” [9]. 
 
Ultrasound has also found phantoms to be useful in ensuring ultrasound quality and as 
training devices for medical personnel.  While ultrasound phantoms do not use radiation 
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for training purposes, the ICRU definition may be extended, such that an “ultrasound 
phantom” is a structure that simulates one or more acoustically accurate tissue substitutes 
and is used to simulate the acoustical interactions within the human body. 
 
Ultrasound phantoms have evolved from being simple target calibration tools (Figure 8) 
to becoming complex training devices used for biopsy training and fetus development 
monitoring (Figure 9).  Ultrasound phantoms use a variety of tissue mimicking materials 
(TMMs) to simulate the complex acoustic and geometry of the human body.  The most 
commonly used TMMs are agar, urethanes, epoxies, liquids and other natural materials 
such as vegetable oil [10].  Some patented materials, such as Zerdine, exist as well.  
Zerdine is manufactured by CIRS (Computerized Imaging Reference Systems, Norfolk, 
VA),  and has the same ultrasonic properties as liver tissue. 
 
Companies such as CIRS, ATS Labs (Eagan, MN), and Gammex RMI (Middleton, WI) 
manufacture ultrasound phantoms.  Phantom applications range from providing quality 
assurance of the ultrasound imaging system, ultrasound guided breast biopsy, fetal 
development monitoring, interventional training and 3D surface rendering using 
anatomically and acoustically representative organs. 
 
1.2.1.  Ultrasound Phantom Complexity 
 
Phantoms are manufactured into a wide array of complexities.  Ultrasound phantoms can 
provide simple images used for calibrating ultrasound equipment (Figure 8).  The small, 
but strongly reflective, targets have been placed at a known depth.  The ultrasonographer 
or technician can then use this knowledge to verify the axial and lateral spatial resolution 
of the ultrasound imaging system. 
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Figure 8.  Calibration Ultrasound Phantom with Targets at Known Depths (White Dots) 
[10]. 
 
The internal complexity of ultrasound phantoms can be greatly enhanced to simulate an 
object as complex as a developing fetus (Figure 9). 
 
 
 
Figure 9.  CIRS Fetal Development Phantom [10]. 
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1.2.2.  Phantom Limitations 
 
The ultrasound phantoms mentioned in the previous section are extremely useful for 
providing static diagnosis of TMMs that have different acoustic properties.  Phantoms, 
other than Doppler flow visualization, lack the ability to dynamically simulate natural 
processes of the human body.  This is mostly due to limitations of the materials used in 
phantom construction.  TMMs such as Zerdine® (CIRS Inc.) have a high degree of 
hydrophilicity and must be isolated within an environment where there is no flux of water 
into or out of the main phantom body.  Otherwise, Zerdine will absorb the water and 
swell up.  Vice versa, if there is less water concentration in the surrounding medium, 
Zerdine will expel water concentration to the surroundings.  Agar based recipes have a 
short life due to its tendency to lose water and alcohol concentration to the surrounding 
environment.  Other materials such as natural resins and epoxies have a limited ability to 
be formed into solid shapes that are stable at room temperature.   
 
Of all the ultrasound phantom materials, tissue mimicking polyurethane is the most stable 
for the experimental conditions found in the laboratory.  These materials are patented and 
quite expensive and beyond the fiscal capabilities of this project [11]. 
 
1.3.  Motivation 
 
The development of portable ultrasound systems is beginning to provide injury diagnosis 
capabilities at battlefields, field hospitals, traffic accidents, earthquakes and terrorist 
attacks.  In these scenarios, triage can be extremely important.  A recent study showed 
that in two-thirds of all battle-field injuries, death occurs within 30 minutes [10].  There 
is little time to perform procedures that can save a life, such as controlling bleeding.  This 
work largely relied on the capabilities of the portable ultrasound system being developed 
by ImagiSonix [11].  The system uses an embedded Terason 2000 ultrasound scanner 
[12]. 
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There are currently no injury mimicking phantoms on the market today that can 
dynamically mimic normal conditions (pre-injury) and trauma conditions (post-injury).  
The development of a training device in conjunction with portable ultrasound capabilities 
can enhance diagnosis capabilities of medial personnel, assuring proper treatment of a 
patient with blunt internal trauma. 
 
This project focuses on the development of a dynamic ultrasound phantom that can 
simulate blunt trauma injuries to the peritoneal cavity.  This is a prototype that will be 
used to accurately simulate the acoustic interactions of internal organs and tissues within 
the human body and can be used to interpret the ultrasonic difference between pre-injury 
and post-injury conditions. 
 
1.4.  Overview of this Thesis 
 
Cheaper 2 – Background : This chapter will describe the anatomy of the peritoneal 
cavity, the methods and hallmarks of ultrasonic diagnosis of internal injury, the acoustic 
theory of ultrasound propagation through multiple human tissues and flow theory for an 
internal bleeding source.  The considerations and requirements for the training device 
will also be outlined.  The numerical modeling methods of the ultrasound phantom using 
the finite element program ADINA (Watertown, MA) will be described in detail. 
 
Chapter 3 – Methods : This chapter describes the methods used for acquiring ultrasound 
images in pre-injury, post-injury and a return to pre-injury conditions.  The process of 
constructing the injury mimicking ultrasound phantom will be outlined along with the 
experimental setup and data acquisition methods.  The steps for creating the injury 
mimicking ultrasound phantom numerically will be given in detail as well. 
 
Chapter 4 – Results: This chapter will present sample 2D images acquired using the 
Terason 2000 system for all injury configurations.  The 2D images will be agregated into 
a volume using the software packages VolSuite and ITK-SNAP.  The fluid volumes that 
appear in between the ‘organs’ will be obtained with these software packages.  The initial 
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results from the numerically modeled phantom, i.e. displacements, velocities, and 
injected fluid distribution, will also be given. 
 
Chapter 5 – Analysis and Discussion: This chapter will provide a statistical comparison 
between pre-injury and post-injury conditions of the phantom.  Volume estimations of the 
inter-organ fluid volumes will be presented.  The phantom created numerically in 
ADINA will be analyzed.  A comparison of the fluid distribution between the numerical 
model and the experimental phantom will be performed.  Clinical evaluation of the injury 
mimicking ultrasound phantom by qualified ultrasonographers will also be presented in 
this chapter. 
 
Chapter 6 – Conclusion:  The major findings and contributions will be outlined.  
Recommendations and future work will be presented. 
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2.  BACKGROUND 
  
This chapter offers detailed anatomical considerations for the design of an injury 
mimicking ultrasound phantom of the peritoneal cavity.  Trauma, in the form of internal 
bleeding, can cause separation of neighboring organs, thus creating or increasing the size 
of an inter-organ fluid pocket.  The increase in displacement of the internal organs 
resulting from blunt abdominal trauma can be observed ultrasonically.  The resulting 
fluid pockets, as a result of internal bleeding, are indicative of the presence of abdominal 
trauma. 
 
The physics of the propagation of an ultrasound signal through homogeneous and 
heterogeneous materials are presented.  The analysis begins with deriving the 
fundamental wave equation and evolves into a pressure wave generated at the ultrasound 
transducer.  In addition to the acoustical interaction, the governing equations for the fluid 
flow resulting from trauma are outlined.   
 
2.1.  Anatomy of the Peritoneal Cavity 
  
The peritoneal cavity is one of the most important anatomical structures in the human 
body.  It provides housing for many critical internal organs and is a pathway for blood 
vessels, lymph nodes and nerves.  The outer layer of the peritoneal cavity, known as the 
peritoneum, is connected directly to the abdominal wall whereas the inner layer is 
wrapped smoothly around various internal organs [15].  The anatomical structure of the 
peritoneum differs slightly between males and females.  The peritoneum is closed in 
males in contrast to females, whose peritoneum is connected to the uterine tubes which 
are open directly to the peritoneal cavity [15].  There is a small potential space between 
the inner and outer walls of the peritoneum filled with a lubricating fluid that allows the 
two layers to move with respect to each other [15].  Important organs such as the liver, 
stomach, intestines, spleen and kidneys are contained within (Figure 10). 
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Figure 10.  Organ Distribution within the Peritoneal Cavity for Males [16]. 
 
Organ location and proximity to other organs changes, based on body orientation and 
posture.  The change in the locations of organs happens due to a small fraction of the total 
volume of the peritoneal cavity that is occupied by serous fluid (~5%).  The remaining 
volume is occupied by organs and other tissues.  Serous fluid lubricates and flows 
throughout the peritoneal cavity based on a person’s motion.  The fluid can accumulate 
between adjacent organs that don’t completely contour to the adjacent organ’s shape.  
These ‘inter-organ’ volumes are ultrasonically detectable and appear black (hypoechoic) 
on the ultrasound image (Figure 11). 
 14
 
 
Figure 11.  Ultrasonic Image of Portion of Peritoneal Cavity and Serous Fluid [17]. 
 
Inter-organ volumes are of particular interest because these spaces are indications of an 
accumulated fluid.  For normal conditions (no trauma), these spaces are occupied by 
serous fluid and provide a lubricated and protective barrier.  However, in the event of 
blunt abdominal trauma within the peritoneal cavity, manifested in the form of internal 
bleeding, blood will begin to occupy these spaces as well.  This fact is particularly useful 
to ultrasonographers and physicians.   
 
The dark portions near the top of Figure 11 and between the liver and kidney indicate a 
fluid presence.  The small volume of fluid between the liver and kidney is often referred 
to as the Morison’s Pouch.  Morison’s Pouch is often imaged ultrasonically when trauma 
is suspected.  The contour of the liver and kidney do not complement each other in a pre-
injury state.  The presence of a fluid pocket in a normal state is particularly useful for 
comparing the fluid pocket size differences between pre-injury and post-injury 
conditions. 
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2.2.  Ultrasonic Diagnosis of Blunt Abdominal Trauma 
 
Ultrasonographers are skilled at detecting the presence of internal trauma.  Recognizing 
and identifying locations where internal bleeding may accumulate in the event of trauma 
is of the utmost importance for diagnosis. 
  
There are seven locations in which fluid is likely to accumulate in the peritoneal cavity 
that are commonly searched for ultrasonically (Figure 12).  The numbers in parentheses 
indicate the location of the fluid pocket in Figure 12.  The cavities are the left 
supramesocolic (1), right supramesocolic (2), right gutter (3), left gutter (6), the right 
inframesocolic (4), the left inframesocolic (5), and the pelvic pocket (7) [16].  Typically, 
the FAST (Focused Assessment by Sonography in Trauma) exam is used to analyze all of 
these locations in a short time period.  Details of the FAST exam are presented in Section 
2.2.1. 
 
 
 
Figure 12.   Potential Locations of Fluid Accumulation in the Peritoneal Cavity [18]. 
 
There are difference between a pre-injury and post-injury condition for a region including 
Morison’s Pouch (Figure 13).  The most notable difference is the appearance of a larger 
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black area between the liver and the kidney.  This is a hallmark of internal trauma.  
Another interesting change is the slight decrease in the intensity of the image.  There 
appears to be fluid above the liver that may be causing less reflection at the interface of 
the different materials.  In the normal case, there appears to be a white line that indicates 
the boundary of each organ.  However, for the case of a positive Morison’s Pouch, the 
white line has disappeared. 
 
        
 
(a)     (b) 
Figure 13.  (a )Normal and (b) Positive Morison’s Pouch [19]. 
 
The minimum detectable amount of fluid to indicate a positive Morison’s Pouch reported 
in literature varies between 40 and 668 mL [16].  The range of reported values for 
detecting the presence of internal bleeding in Morison’s Pouch is relatively large and may 
be beyond the scope of this project.  However, there is another potential location that has 
an easily recognizable fluid accumulation.  The Douglas Pouch lies at the very base of the 
abdomen beneath the bladder.  Fluid volumes as little as 10-15 mL have been detected at 
this location with the FAST exam [18]. 
 
2.2.1.   FAST Examination 
 
Ultrasound was first used to diagnose trauma in Europe in the 1970’s.  However, its 
popularity and uptake did not start in North America until well after.  Goldberg et al were 
the first group to detect the presence of free fluid in 1970 [19].  This method of detecting 
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free fluid eventually became known as the FAST exam.  The FAST exam is intended to 
identify fluid that would not be present in normal circumstances in the peritoneal cavity, 
pleural spaces and pericardium [20].  
Remarkably, using A-mode sonography, the FAST exam could reliably detect 50 mL of 
additional free fluid present in the peritoneal cavity [21]. 
 
As indicated by its name, the FAST exam is a procedure performed rapidly for the sake 
of triage.  This exam is designed to be conducted in less than three minutes [21].  The 
short examination time is intended to increase the survival probability of the patient.  The 
size of the ultrasound transducer is important for conducting the FAST exam.  Imagine 
the transducer scanning surface of the transducer as elliptical, the major axis dimension 
of the ultrasound transducer head used for the FAST exam should be small, no greater 
than 3 cm.  This small footprint is required since imaging must occur between the ribs.  
The FAST exam analyzes four areas for accumulated fluid: the right upper quadrant 
(RUQ), the subxiphoid, the upper left quadrant (LUQ) and the suprapubic [21].   
 
Imaging the RUQ requires the transducer to be placed on the right of the patient between 
the 11th and 12th rib mid-axillary [23].  Here, the liver, kidney and diaphragm are visible 
(Figure 14) [23].  Morison’s Pouch is visible at this location in the presence of trauma 
[23].  The LUQ is visible on the patient’s left between the 10th and 11th rib mid-axillary 
[23].  The spleen, kidney and diaphragm are visible from here (Figure 14) [23].  For the 
subxiphoid region, the transducer head is placed on the abdomen.  The ultrasound image 
should show the liver and the four chambers of the heart (Figure 15) [23].  The final 
location, the suprapubic is placed along the middle of the abdomen approximately 4 cm 
above the pubic bone [23].  Douglas’ Pouch can be viewed from here (Figure 16). 
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Figure 14.  Illustration of RUQ and LUQ [22]. 
 
 
Figure 15.  Illustration of Subxiphoid Region [22]. 
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Figure 16.  Illustration of Suprapubic Region [22]. 
 
 
Ultrasonic images of the four regions that the FAST exam is performed at in the absence 
of trauma (Figure 17) have distinct ultrasonic differences from cases where trauma is 
present in the form of internal bleeding (Figure 18). 
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(a)     (b) 
     
(c)     (d) 
 
Figure 17.  Ultrasonic Images of the (a) RUQ, (b) Subxiphoid, (c) LUQ and  
(d) Suprapubic Regions in the Absence of Abdominal Trauma [23]. 
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(a)     (b) 
      
(c)     (d) 
 
Figure 18.  Ultrasonic Images of the (a) RUQ, (b) Subxiphoid, (c) LUQ and  
(d) Suprapubic Regions in the Presence of Abdominal Trauma [21]. 
 
Most physicians prefer to start the FAST exam in the RUQ.  This is primarily due to 
gravitational and anatomical considerations.  When the patient is standing, the free fluid 
tends to accumulate in the pelvic region.  However, most patients are treated in a supine 
position (lying down).  In this position, fluid tends to flow both inferiorly and superiorly 
(towards the pelvis and head).  In the event that the source of internal bleeding is above 
the pelvis, the blood will flow cephalad (towards the top of the peritoneal cavity), if 
below the bony pelvis, blood will most likely flow caudal (toward the bottom of the 
peritoneal cavity).  Since most of the tissues and structures near the pelvis are avascular 
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and well protected, the internal bleeding source is typically located in the upper half of 
the abdominal cavity where the internal organs are located. 
  
2.3.  Acoustic Theory 
 
The derivation and analysis of the acoustic interactions of a pressure wave originate from 
assumptions used to simplify the physics and boundary conditions.  The analysis neglects 
attenuation, curved interfaces and the existence of non-planar waves. 
 
The appearance of an ultrasound image is entirely dependant on the properties of the 
sound wave that is passing through the different tissues.  Earlier, it was shown that the 
presence of a trauma induced fluid will affect the qualitative appearance of the received 
signal.  The physics of the process offer an explanation of this phenomenon. 
 
2.3.1.  Wave Propagation in a Homogenous Material 
 
To simplify the mathematical analysis of a propagating sound wave, the ultrasound signal 
is assumed as planar.  The wave will be estimated as an infinite plane moving in the 
direction normal to the ultrasound transducer head. 
 
Suppose the ultrasound wave originates at the transducer head and propagates through a 
medium.  The x-coordinate is in the direction of the propagating ultrasound wave (Figure 
19). 
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Figure 19.  Simple Diagram of Propagating Ultrasound Wave. 
 
The propagation of an ultrasound wave through a homogeneous material can be modeled  
with the wave equation.  The wave equation can be derived from Newton’s law of 
momentum [24]: 
F ma=          (1) 
where: 
F – force 
m – mass 
a - acceleration 
 
In this case, the force is equal to the negative value of the pressure gradient, the mass is 
expressed with respect to the volume it occupies and the acceleration is the change in the 
velocity with respect to time [24]. 
u P
t x
ρ ∂ ∂= −∂ ∂          (2) 
where: 
ρ – density 
u – x-velocity component 
t – time 
P – pressure 
x – x-coordinate 
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The second equation arises from an energy storage that occurs via compression of the 
media that the sound wave is traveling through.  The pressure drop is proportional to the 
compressibility of the material and the divergence of the velocity term [24]. 
P u
t x
κ∂ ∂− =∂ ∂          (3) 
where: 
κ – bulk modulus 
 
To form the one-dimensional wave equation, divide (2) by the density and take the 
derivative with respect to x: 
1 Pu
x t x xρ
∂ ∂ ∂ ∂= −∂ ∂ ∂ ∂         (4) 
Then by taking the time derivative of (3) to get 
2
2
P u
t t x
κ∂ ∂ ∂= −∂ ∂ ∂         (5) 
Substituting (4) into (5), the one-dimensional scalar wave equation becomes: 
2
2
1P P
t x x
κ ρ
∂ ∂ ∂=∂ ∂ ∂         (6) 
Assuming that the material through which the sound wave is traveling through is 
homogeneous, (6) can be expressed as 
2 2
2 2 2
1 0P P
x c t
∂ ∂− =∂ ∂         (7) 
c κρ=          (8) 
where: 
c – speed of sound 
  
A possible solution to Eq. 7 is the time harmonic solution, given in Eq. (9) [1]. 
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( ) ( )( )0 exp expp p j t kx j t kxω ω⎡ ⎤ ⎡ ⎤= − + +⎣ ⎦ ⎣ ⎦     (9) 
where: 
 
 j - imaginary number  
ω – frequency 
 k - wave number 
 
For most practical solutions, the real part of Eq. (9) may only be required [1]. 
( )( ) ( )0 0Re exp cosp p j t kx p t kxω ω⎡ ⎤= − = −⎣ ⎦     (10) 
where ‘Re’ refers to the real portion of the wave equation.  Equation (10) gives the final 
expression for a planar pressure wave traveling in the +x direction through a 
homogenous, lossless material. 
 
2.3.2.  Ultrasonic Wave Propagation at the Interface between Materials 
  
Assume the previously derived pressure wave is traveling in the +x direction and 
encounters a boundary.  Part of the wave is reflected back in the –x direction and another 
part of the wave will continue in the same direction through the different material (Figure 
20).  The amplitudes of the waves traveling in the +x and –x directions are determined by 
the transmission and reflection coefficients.  Both of these coefficients are functions of 
the acoustic impedance of the materials at the interface. 
 
 
Figure 20.  Illustration of Reflection and Transmission of Ultrasound Waves at an 
Interface of Two Materials [1]. 
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Assume that the transducer is operating at a single frequency in a material that has a wave 
number k1 and acoustic impedance Z1 [1].  The solution for the wave equation is  
( )( ) [ ]( )0 0exp expi ip p j t k x Rp j t k xω ω⎡ ⎤= − + +⎣ ⎦     (11) 
where: 
 
R - reflection coefficient   
 
Figure 20 can also be analyzed as a circuit with the materials exerting impedance on the 
propagating ultrasound wave (Figure 21). 
 
 
 
 
Figure 21.  Transmission Line Representation of Interface of Two Mediums [1]. 
 
The first medium has acoustic impedance Z1, wave number k1 and the pressure wave has 
traveled a distance x = d from the transducer face.  The second medium is represented by 
a real load with acoustic impedance Z2, has a wave number k2 and the sound wave has not 
traveled through any portion of the material.  Therefore x = 0.  “By using a similar 
analysis of an electrical circuit, the pressure at x = 0 is similar to a voltage drop across 
Z2” [1]. 
( )2 0 1p p R= +          (12) 
Applying a summation of currents, the relationship in Eq. (13) can be established 
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( )0
2
1
1p R
I
Z
−=         (13) 
The acoustic impedance of the second medium can be found from Eq. (14) 
( )12
2
2
1
1
Z RpZ
I R
+= = −         (14) 
The reflection coefficient can be found from solving Eq. (14) for R, as shown in Eq. (24). 
2 1
2 1
Z ZR
Z Z
−= +          (15) 
The transmission coefficient, T, can be found from summing the “current” at the 
interface, giving T – R = 1. 
2
1 2
2ZT
Z Z
= +          (16) 
When a wave is transmitted through a boundary, both Z1 and Z2 are greater than 0, 
meaning T is entirely real and is always greater than zero.  There is no phase shift in the 
pulse when the wave transmits through the boundary.  However, when R is entirely in the 
real domain, it has a range of [-1, 1].  This infers that the reflected wave is a scaled and 
inverted version of the incident wave when R < 0.  This inversion occurs when Z1 > Z2. 
 
The presence of attenuation reduces the amplitude of an ultrasound wave as it propagates 
through a medium.  The attenuation is a function of the distance, frequency and 
attenuation coefficient that is unique to each material.  Attenuation needs to be accounted 
for because it causes the image intensity to change.  The original signal can be adjusted to 
compensate for any energy loss for a target at a known depth.  The attenuation in soft 
tissue is approximately linear. 
 
Attenuation Lfα=         (17) 
where: 
 
α – attenuation coefficient [dB/MHz * cm] 
L – length/depth of scanning 
f – frequency 
 
 
 28
2.4.  Fluid Distribution Theory 
 
2.4.1.  General Fluid Flow Theory 
 
During internal bleeding, the introduced fluid exhibits a flow pattern based on the shear 
stresses within the fluid domain.  The shear stresses experienced within a Newtonian 
fluid result from the viscosity of the fluid and the gradient of the velocity profile.  
 
( )uτ μ= ∇ r          (18) 
where: 
 
τ - fluid shear stress  
μ - fluid viscosity 
u
r
– velocity vector of the fluid   
 
There are two methods which fluid can distribute throughout the fluid domain that will be 
investigated.  The fluid flow can either be driven by pressure effects or by density effects.   
 
Pressure driven effects analyze the distribution of fluid as a fluid volume is injected into a 
fluid domain.  The velocity, density and pressure that the fluid is injected determine the 
displacements of the solid ‘organs’ within the peritoneal cavity.  Density driven effects 
analyze how the fluid disperses and settles throughout the entire fluid domain as the 
bleeding source stops or is at locations far away from the source.  As internal bleeding 
initially occurs, a severed blood vessel or surface bleeding organ expels blood into the 
peritoneal cavity.  The severity, i.e. pressure and velocity that the blood is expelled with 
determines initially where the blood will flow to.  As the bleeding slows, stops or is far 
enough from the source, the density difference between the internal bleeding blood and 
the serous fluid, present before injury, will be the driving force of the flow.  The body 
orientation dictates where the bleeding flows to. 
 
Both in the experimentally and numerically created models included time intervals where 
the fluid is being injected (pressure driven) and being allowed to settle (density driven). 
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For pressure driven flow, the fluid is assumed to be incompressible.  The density and 
viscosity are assumed to be constant.  The first three equations in Eq. (19) are the Navier-
Stokes equations.  The last equation is the continuity equation.  The Navier-Stokes 
equations state that the change in the velocity profile is a result from body forces, local 
pressure variations and viscous effects. 
 
 
 
2 2 2
2 2 2
v v v v p v v vu v w Y
t x y z y x y z
ρ μ ⎛ ⎞⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠    (19) 
2 2 2
2 2 2
w w w w p w w wu v w Z
t x y z z x y z
ρ μ ⎛ ⎞⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠   
0u v w
x y z
∂ ∂ ∂+ + =∂ ∂ ∂  
 
where:  
 
u - velocity in the x-direction  
v - velocity in the y direction  
w - velocity in the z direction  
X = ρgx  
Y = ρgy  
Z = -ρgz 
 
Several terms in Eq. (19) can be neglected.  The gravity is acting the negative z-direction, 
therefore X and Y can be assumed to be zero.  This results in four unknowns (three 
velocity components and pressure).  These four equations are solved subject to known 
boundary conditions.  With all of the above mentioned assumptions, the Navier-Stokes 
equations for unsteady, pressure driven flow become the first three equations in (20), 
with the continuity equation remaining the same. 
 
 
2 2 2
2 2 2
u u u u p u u uu v w X
t x y z x x y z
ρ μ ⎛ ⎞⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +⎜ ⎟⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
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2 2 2
2 2 2
1u u u u p u u uu v w
t x y z x x y z
μ
ρ ρ
⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
    
2 2 2
2 2 2
1v v v v p v v vu v w
t x y z y x y z
μ
ρ ρ
⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
              (20)    
2 2 2
2 2 2
1
z
w w w w p w w wu v w g
t x y z z x y z
μ
ρ ρ
⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − − + + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
 
0u v w
x y z
∂ ∂ ∂+ + =∂ ∂ ∂  
 
The other potential flow condition is driven by density differences within the fluid 
domain.  For density driven flow, the gravitational field is the primary body force.  For 
the Navier-Stokes equations in Eq. (19), the primary difference from the pressure driven 
force is that X = Y = 0 and that when the flow is far away from the inlet or when 
approaching steady state, u = v = w = 0 (20).  The resulting momentum equation in the z-
direction becomes 
p g
z
ρ∞∂ = −∂               (21) 
where: 
ρ∞ - density of fluid far from injected fluid source 
 
The expression is the hydrostatic pressure for a fluid at a certain depth z from the 
coordinate origin [25]. 
     p gzρ∞= −           (22) 
Substituting Eq. (22) into the third expression in Eq. (20), the resulting momentum 
equation is 
    ( ) 2 2 22 2 2w w w w g w w wu v wt x y z x y z
μρ ρρ ρ∞
⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + +⎜ ⎟∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠
   (23) 
Anatomically, this represents the situation where the fluid flow in the event of internal 
trauma is controlled by the density difference of the serous fluid, organs and the blood 
resulting from internal trauma.  This may be the driving force, since anatomically, the 
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position of the patient determines the locations in which the blood is most likely to 
accumulate in the event of internal bleeding. 
 
The Navier-Stokes equations are expressions for the conservation of momentum for a 
Newtonian fluid.  The expressions for the possible flow types only differ based on the 
assumptions made about the presence or absence of local density differences.  In pressure 
driven flows, it assumed that there are no density differences within the fluid domain and 
the pressure is only a function of the z-coordinate system.  In density driven flows, there 
are variations in the local densities.  Pressure driven effects exist as bleeding is occurring 
and once bleeding has diminished, the difference between the density of the fluid that 
was present in a pre-injury condition and the blood that has flowed into the peritoneal 
cavity are the largest driving forces. 
  
The experimental protocol will investigate whether the difference in density of the fluid 
that is present in a normal case and the injected fluid upon inducing trauma will show 
locations of preferential fluid accumulation. 
 
2.4.2 Reynolds Number and Its Relation to the Flow Conditions 
 
Dimensionless numbers are very useful for extracting information about the fluid domain.  
The Reynolds number is the ratio of the inertial forces to the viscous forces, as defined in 
Eq. (24). 
Re uLρμ=          (24) 
where:  
 
L - characteristic length (diameter, axial length, etc.) 
 
The magnitude of the Reynolds number indicates whether the fluid flow is laminar 
(smooth) or turbulent (chaotic) in nature.  During laminar flow, the viscous term 
(denominator) is dominant.  This occurs when the Reynolds number has a value less than 
500 [25].  For turbulent flow, the inertial term (numerator) dominates.  Turbulent flow 
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occurs for Reynolds numbers greater than 2000 [25].  For Reynolds numbers between 
500 and 2000, the flow is considered to be in an intermediate region between laminar and 
turbulent flows. 
 
For density driven flows, the diffusion of the injected volume is driven by the difference 
between its density and the density of the fluid it was injected into.  Once the main 
driving force becomes density driven flow, the heavier material will seek a location 
further in the –z direction.  The maximum velocity at which it sinks, or the terminal 
velocity, is shown in Eq. (25) [29].   
( )2 p p
t
p p D
gm
u
A C
ρ ρ
ρ ρ
−=         (25) 
where: 
 
ut – terminal velocity 
g – gravitational constant 
mp – mass of injected fluid particle 
ρp – density of injected fluid particle 
ρ – density of fluid medium 
Ap – projected area of injected fluid particle 
CD – drag coefficient 
 
If the fluid particles in this analysis are assumed as spherical, (25) can be more 
conveniently expressed as 
( )4
3
p p
t
D
gD
u
C
ρ ρ
ρ
−=         (26) 
where: 
Dp – diameter of fluid particle 
 
The drag coefficient value depends on the Reynolds number.  There are several analytical 
solutions for the drag coefficient [26]. 
 
For very low Reynolds numbers (Re < 0.1), a Stokes’ flow approximation of  
24
ReD
C =          (27) 
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is used.  For Reynolds numbers ranging from slightly greater than Stokes’ flow to near 
turbulent flow (0.1 < Re < 1000), the drag coefficient for a sphere is approximately 
( )0.724 1 0.14ReReDC = +        (28) 
The estimate for the drag coefficient in Eq. (28) is accurate to within 6% for all flow 
regimes [26]. 
 
However, the Reynolds number requires a velocity to be specified in order to be defined.  
A commonly used tool is to calculate drag coefficient for all flow regimes that is 
independent of the velocity is [29] 
( )32
2
4
Re
3
p p
D
D g
C
ρ ρ ρ
μ
−=        (29) 
Depending on what an initial assumption about the regime that the Reynolds number is 
in, the values for the drag coefficient in Eqs. (27) and (28) can be substituted into Eq. 
(29). 
 
2.5.  Ultrasonic Requirements of Injury Mimicking Phantom Model 
  
Creating an ultrasonically, mechanically and visualy realistic representation of the 
peritoneal cavity is important for it to function well as a training device.  The 
ergonomics, size, elasticity of the scanning membrane, ultrasonic image appearance and 
usability are extremely important. 
  
In humans, organs and tissue occupy approximately 95% of the volume of the peritoneal 
cavity.  The remaining 5% is filled with serous fluid.  The experimental phantom must 
achieve a volume fraction near this value in order to have an accurate representation in an 
ultrasound image.   
  
Important ultrasonic acoustic properties must also be met.  To simulate acoustic effects, 
an agar based tissue mimicking material recipe was used [28].  The recipe for creating the 
tissue mimicking material (TMM) appears in Appendix B.  Table 1 shows a comparison 
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of the agar TMM’s acoustic properties, when following the recipe in Appendix B,as well 
as the range for human soft tissue acoustic properties.  The acoustic properties of the agar 
fall within the acceptable range for human tissue and can therefore be used as an 
acoustically accurate TMM. 
 
Table 1.   Acoustic Property Comparison of Agar Phantom Material and Human 
Tissue. 
Property  Agar Phantom Human Tissue 
 
Density 
(kg/m3) 
1045 1000-1100 
Sound Speed 
(m/sec) 
1551 1450-1640 
Attenuation 
(Np/m/MHz)
10.17 4.03-17.27 
 
2.6.  Numerical Modeling 
 
The numerical phantom will assist in identifying fluid accumulation sites.  A comparison 
of the numerical results and experimental observations will hopefully give insight into the 
major driving fluid flow force.  Optimally, the numerical simulations will be an extra 
training device that medical personnel will be able to use.  The numerical model here 
considers only a bleeding source from a severed blood vessel.  There is no modeling of 
blood infusion into the peritoneal cavity from direct damage to an organ.  The geometry 
within the numerical phantom will be simplified and, to a degree, idealized to determine 
if there is indeed a change in the distribution of the organ locations based on the injected 
fluid density.  Limitations of the contact algorithm limit the analysis that can be 
performed.  To ensure that no contact occurs, the organs had to have a sufficient gap size 
in to keep from coming into contact with each other. 
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2.6.1.   Numerical Modeling Software - ADINA 
 
The software used for numerically modeling the fluid distribution within the 
experimental peritoneal cavity was ADINA (Watertown, MA).  ADINA is a powerful 
finite element program capable of solving structural (solid), CFD (fluid) and thermal 
problems.  ADINA also has the capability of analyzing fluid-structure interactions (FSI) 
based on flow conditions in the fluid domain and loading conditions in the solid domain. 
 
2.6.2.  Modeling Theory of ADINA 
 
For fluid-structure interactions (FSI) analyses, ADINA models the deformation that the 
solid domain undergoes based on the flow characteristics of the fluid domain.  For the 
analysis in this project, the fluid and solid models were built separately and coupled 
through FSI boundary conditions.  For analyzing the FSIs, two primary equation sets are 
solved to relate the fluid flow variables to the response of the solid model.   
 
The fluid model is defined completely within the fluid domain with all the corresponding 
boundary conditions, loads and the fluid-structure interface conditions.  The solid model 
is defined in the structural domain, boundary conditions are applied and the FSI 
conditions are set to the corresponding faces where FSI conditions were assigned in the 
fluid domain. 
  
The boundary condition applied at the FSI interfaces are the displacement compatibilities, 
as given in Eq. (30). 
d d
f s− −
=          (30) 
where: 
 
f
d
−
 - Fluid domain displacements 
s
d
−
 - Solid domain displacements 
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The underline subscript indicates that these values are assigned at the fluid-structure 
interfaces only.  Equation (30) is referred to as the kinematic condition.  There is also a 
traction equilibrium given in Eq. (31).  Traction is unlike a vector where it is described at 
a specific point on a specific plane.  The traction is an expression of a force that operates 
at a specific point rather on a reference cross sectional area.  The stress traction is the 
force per unit area required to keep a fluid body in equilibrium with externally applied 
forces. 
 
n n
f s
τ τ
− −
⋅ = ⋅          (31) 
where:  
 
 n – normal vector 
f
τ
−
- fluid shear stress 
s
τ
−
- solid shear stresses 
 
From the kinematic condition, the fluid FSI boundary velocity can be assigned as  
v sd− = &           (32) 
where: 
v
−
 - solid node velocity at the FSI interface  
sd& - time derivative of displacement of node at theFSI    
boundary 
 
The fluid and solid models are coupled based on nodal positions of the respective 
domains.  The position of the nodes is determined by the kinematic condition.  The 
governing equations of the fluid flow are then solved in an Arbitrary Lagrangian-
Eulerian (ALE) coordinate system. 
 
For dynamic conditions, the fluid traction is integrated into a fluid force at the fluid-
structure interfaces and applied to the corresponding structural node according to (33). 
( )F τ Sdt h d− −= ⋅∫         (33) 
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where F(t) is the force, hd is the virtual quantity of the solid displacement and dS is the 
change in the free surface position of the node normal to the original free plane.  The 
virtual quantity eliminates the need to assume a very small distortion so that the body 
retains the same shape during dynamic conditions.  Virtual quantities are arbitrary, 
independent and disappear from the solution once the final value for the force has been 
found. 
 
2.6.3.  ADINA Model Assumptions 
 
The Lexan used in the experimental model was assumed to be rigid throughout the 
solution process.  In the fluid domain, the FSI solver was set to slightly compressible.  
This was done because when there is a propagation of a pressure wave and the fluid is 
enclosed by a deformable boundary.  The compressibility of ‘incompressible’ materials 
such as water must be included.  The slightly compressible fluid model’s state equation is 
1m
pρ ρ κ
⎛ ⎞= +⎜ ⎟⎝ ⎠         (34) 
where:  
ρm - fluid density  
 
The flow is basically incompressible, and a constant density is assumed for the governing 
equations except for the continuity equation.  The nonconservative form of the continuity 
equation in slightly compressible flows is 
 
 
0=⋅∇+⎟⎠
⎞⎜⎝
⎛ ∇⋅+∂
∂ vpv
t
p
mρκ
ρ        (35) 
where:  
v
r
- velocity vector of nodes on the FSI interface 
 
The solid domain of the ADINA model was assumed to be an Ogden material.  An 
Ogden material model describes the stress-strain behavior of hyper-elastic materials such 
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as rubbers and foams.  The Ogden material model is used to model the distensible 
scanning membrane.  ADINA uses the following expression to model the behavior of the 
material. 
 
9
1 2 3
1
3n n nnD
n n
W α α αμ λ λ λα=
⎛ ⎞⎡ ⎤= + + −⎜ ⎟⎣ ⎦⎝ ⎠∑       (36) 
where:  
 
WD - deviatoric strain energy density  
μ – Ogden material constant 
α - Ogden material constant  
λ – stretch ratios (square root of principal stresses)  
 
The Ogden material constants, μ and α, are determined by ADINA from the tensile tests 
performed for latex. 
 
ADINA can model an Ogden material with either a plane stress or plane strain 
assumption.  Both models are based on assumptions about the strain energy density, W, 
which is the sum of the deviatoric strain energy density, WD, and the volumetric strain 
energy density, WV.  The stress tensor is evaluated using the 2nd Piola-Kirchhoff stress 
tensor 
1
2ij ij ij
W WS ε ε
⎛ ⎞∂ ∂= +⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠
        (37) 
 
In Eq. (37), Sij is the stress, W is the strain energy density and εij is the strain.  For the 
plane stress assumption, the material is assumed to be incompressible.  This sets the 
volumetric strain energy density to zero.  For a plane strain assumption, the material is 
modeled as compressible.  However, the bulk modulus can be set sufficiently high that 
the material will behave as an incompressible material.  The plane strain assumption is 
used for all analysis in this project. 
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The deviatoric strain energy density can be modified by substituting the reduced stretches 
by removing the condition λ1λ2λ3 = 1 and by adding in the contribution of the volumetric 
strain energy density given in (38) 
( ) ( )2 21 2 3 31 11 12 2VW Jκ λ λ λ κ= − = −       (38) 
The Ogden material model requires the use of nineteen constants: μn ,αn, n=1,…,9 and the 
bulk modulus. 
 
The material constants (shear modulus, elastic modulus and bulk modulus) are 
determined from a stress-strain curve in this experiment.  The latex for the distensible 
external membrane had stress-strain data obtained from tensile testing.  The method of 
extracting the material properties is discussed in Appendix G. 
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3.  METHODS 
 
The experimental injury mimicking ultrasound phantom is the basis for clinically training 
medical personnel to identify differences between a normal condition and an injury state 
in the peritoneal cavity.  This chapter outlines the method for designing the physical 
phantom, performing ultrasound measurements on this phantom followed by image 
analysis, and creating a numerical model of the physical phantom. 
 
Included are the: 
• Enclosure Design 
• External Distensible Membrane 
• ‘Organ’ Material 
• Experimental Procedure 
• Data Analysis 
 
3.1.  Experimental Overview 
 
The injury mimicking ultrasound phantom is designed to illustrate the differences 
between normal and trauma conditions in the peritoneal cavity.  By assuming a simplified 
geometry of the peritoneal cavity and by using materials that have similar mechanical and 
acoustic properties to human tissue, the injury mimicking phantom will be an ultrasonic 
representation of the human’s peritoneal cavity. 
 
The materials used for the injury mimicking phantom must simulate human anatomy.  
There is no direct substitute for using actual tissue for experimentation.  However, there 
are materials available that have an acceptable compromise between the mechanical and 
acoustic properties of real tissue.  The distensible external membrane that represents the 
abdominal wall of the patient was modeled using latex rubber.  The rubber has a similar 
feeling of an ultrasound probe against the skin but is still sufficiently thin to avoid 
ultrasound signal attenuation and reverberation. 
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The interior organs were modeled using an agar based recipe that has the same acoustic 
properties as liver tissue.  These organs were isolated from water exposure within thin 
latex membranes (condoms).  The organs were then packed into the injury mimicking 
phantom.  93% of the volume was filled with the agar TMM.  The remaining 7% of the 
volume was filled with distilled water. 
 
The injury mimicking phantom was analyzed in a pre-injury, post-injury and return to a 
pre-injury state.  In a pre-injury state, approximately 7% of the volume was occupied by 
fluid.  To simulate a post-injury condition, an additional fluid volume of 600 mL was 
injected to simulate internal bleeding.  For both of these stages, the distribution of the 
internal organs was monitored ultrasonically.  Finally, a fluid volume equal to the amount 
that was injected to simulate an injury was released.  This state is the ‘return to pre-
injury’ state. 
  
For the pre-injury, post-injury and return to a pre-injury state, a series of ultrasound 
images were captured at equidistant locations along a predetermined scan line on the 
scanning membrane of the phantom.  Several software packages: MATLAB, VolSuite 
and ITK-SNAP, were employed to qualitatively and quantitatively represent the changes 
that occur between different injury configurations of the phantom. 
  
In addition to creating the experimental model, a numerical model was created to 
compare fluid distributions based on the injected fluid density.  The finite element 
software package ADINA (Watertown, MA) was used.  ADINA numerically calculates 
fluid-structure interactions based on the loads and boundary conditions in the solid and 
fluid domains.  A simplified model of the physical peritoneal phantom was created using 
an assumption that the ‘organs’ are perfect cylinders with half sphere ends. 
 
The experimental phantom was qualitatively assessed with changes in specific criteria 
between a pre-injury and a post-injury state.  The data observed the change in the number 
of organs in each image, the distribution of the organs near the top and center of the 
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phantom, the appearance of fluid between the scanning membrane and the agar organs 
and the merging of distinct inter-organ fluid volumes.  The number of organs in each 
image changes based on the increase in the inter-organ fluid and fluid mating with the 
latex scanning membrane.  Since the depth of scanning is kept the same for each image, a 
small displacement may result in an organ that was included in the pre-injury state to be 
not included in the post-injury state.  The appearance of fluid at the scanning membrane 
shows that the organs are no longer being constrained and are free to displace.  Merging 
of two fluid pockets indicates that one of the phantoms may be completely free from 
needing to touch other organs once extra space is available.   
 
A scoring method was developed to assess the fluid volume difference between a pre-
injury and post-injury status.  The fluid volumes were statistically compared to determine 
if there was a statistically significant change or not. 
 
Statistical analysis was also performed to determine if the increase in the calculated inter-
organ fluid volume is dependent on the density of the injected fluid.  An additional 
statistical analysis was performed to determine if there is a definite difference in the 
organ distribution between the pre-injury and post-injury configurations of the phantom. 
 
The fluid distribution observed in the experimental and the numerical models were 
compared against each other.  The creation of the ADINA phantom determined if the 
finite element analysis software is a viable tool in predicting the distribution of fluids 
within a fixed ends, distensible scanning membrane, model of the peritoneal cavity. 
 
As a final method of evaluation, the injury mimicking phantom was taken to Harvard 
Medical School (Cambridge, MA) on November 3, 2006 and analyzed by 
ultrasonographers, doctors and medical students.  Recommendations for improving the 
design of the phantom for the next iteration as well as any desired additional features 
were suggested. 
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3.2.  Physical Phantom Construction 
 
3.2.1.  Previous Phantom Designs 
 
A total of five different phantoms were built between March 2005 and April 2006.  The 
first design had a half cylinder shape, an internal volume of 4.6 L, 2 fluid inlet injection 
ports and a location to attach a pressure gage (Figure 22).  The long thin cylinders that 
run from end plate to end plate were put in for support.  In this initial iteration, only 
detecting a volume of fluid was of interest.  This was done by attaching rubber balloons 
at the point of fluid injection.  The scanning membrane has since been detached, but was 
constructed of a 1/16” thick soft neoprene rubber.  There were several problems with this 
design.  At the time, there were no acoustic representations of organs inside since it was 
unknown what the method of creating them would be.  Also, the scanning membrane had 
to be attached to the Lexan body with screws and glued into place.  Creating cylindrical 
holes in rubber is very difficult.  The phantom was watertight in a pre-injury state, but as 
soon as fluid was injected, it leaked profusely.  Filling the phantom with pre-injury fluid 
was done by removing the pressure gage and pouring water through the small opening.  
To include anything in the phantom, the scanning membrane had to be detached and the 
glue bond broken. 
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Figure 22.  First Design of Injury Mimicking Phantom Housing. 
 
The second design tried to increase the surface area available for bonding the rubber 
scanning membrane to the lexan enclosure (Figure 23).  The Lexan walls were thicker 
than the previous attempt, going from 1/8” to 1/2”.  At each of the end plates, two 
additional 1/2” thick Lexan panels were attached to give a greater area for bonding.  The 
scanning membrane was change to a 1/16” butyl rubber.  The butyl rubber is stiffer than 
the soft neoprene and did not deflect as much when additional fluid was injected.  The 
same problems were encountered as in the previous iteration.  There simply was no way 
that a combination of screwing and gluing the rubber onto the Lexan enclosure would 
keep it watertight.  The issue of quickly inserting and removing fluid into the bulk of the 
phantom was not answered either. 
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Figure 23.  Second Injury Mimicking Phantom Enclosure Design. 
 
The third generation phantom explored the possibility of quickly accessing the interior of 
the phantom.  For this, a watertight zipper manufactured by YKK was used (Figure 24).  
The major problem with this design is that the fabric and rubber that is attached to the 
watertight zipper is curved.  Creating a watertight and flexible bond to both the fabric and 
rubber was very difficult.  The dimensions of the watertight zipper were as small that 
could be manufactured but still the dimensions were much larger than desirable.  To 
accommodate the curved zipper in the neoprene rubber sheet would required the size of 
the phantom enclosure to be greatly enlarged.  The volume of fluid within the phantom 
needed to be a minimum of 16.4 L.  After the phantom enclosure was constructed and the 
zipper attached to a 1/16” thick soft neoprene enclosure, it was found that the pulling 
force required by the zipper was so high that the scanning membrane rubber would be 
pulled away from the glued bond and torn away from the screws that attached to the 
enclosure body. 
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Figure 24.  Watertight Zipper Used for Third Enclosure Design. 
 
The fourth phantom was moderately successful at allowing quick entry into the phantom 
without leaking water and allowing ultrasound wave penetration into the phantom (Figure 
25).  It used the same enclosure body as the third iteration, except the soft neoprene 
scanning membrane was replaced by a 0.03” thick plastic sheet and a door was cut into 
the phantom.  The plastic sheet was thin enough to allow ultrasonic imaging of the 
interior of the phantom.  The plastic sheet was attached to the Lexan with glue and then 
further constrained by clamping it into place with three worm gears (one at each half 
cylinder end and around the base of the phantom).  However, if too much fluid was 
pumped in, the plastic sheet would permanently deform.  The scanning membrane was 
still not appropriate.  The method of holding the door closed under pressure was not good 
enough either.  Four tension clamps were place 90o away from each other and pulled tight 
to keep the phantom in place (Figure 26).  A rubber washer was created to provide a 
flexible seal at the interface of the door and opening in the plastic enclosure.  This 
method worked to a degree.  After approximately 200 mL of fluid was injected, water 
began to leak out of the phantom at the door.  Also, since this iteration used the same 
enclosure as the third iteration, it was simply too big to be compared to real human 
anatomy. 
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Figure 25.  Fourth Enclosure Design with Plastic Scanning Membrane. 
 
 
 
Figure 26.  Close-up of Door for Fourth Enclosure Design. 
 
3.2.2.  Final Enclosure Design 
 
The anatomy of the peritoneal cavity was modeled as a half cylinder shaped enclosure 
with a distensible external membrane.  The dimensions of this enclosure were selected so 
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that the interior volume was 4L.  The phantom, once a trauma induced fluid is injected, 
was monitored visually and ultrasonically.  The material for the enclosure should be 
preferably clear.  It must also be rigid enough to withstand the buildup of pressure that 
occurs during the injection of the additional fluid volume and be completely watertight.  
A removable ‘door’ was placed at one end of the phantom to allow for quick removal or 
addition of internal material, especially ‘organs’. 
 
The material that was chosen for the rigid container was Lexan.  Lexan is a clear 
thermoset plastic that has high strength, durability and is easily machined.  Lexan is also 
relatively inexpensive.  All the Lexan used to construct the enclosure was purchased from 
Plastics Unlimited in Worcester, MA. 
 
Figure 27 shows the final design of the phantom enclosure.  The thickness of the ends 
and bottom plate is 1/2”.  On the far end, two 1/8” diameter holes that facilitate injection 
and release of an added fluid volume were drilled into the wall.  At the front end, a 
removable door attached to the main body directly over a 3” diameter hole that was cut 
into the side panel.  The Lexan portion of the enclosure weighs 2.8 lbs (1.3 kg). 
 
 
 
Figure 27.  Isometric View of Phantom Enclosure, Dimensions in Inches. 
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The Lexan panels (other than the door) were attached to each other using Plexstix.  
Plexstix is a glue that chemically alters the Lexan so that the resulting bond is watertight 
and strong. 
 
The Lexan door dimensions are 3.5” x 3.5” x 0.5”.  There were four holes drilled into the 
door near each of the corners.  Holes the same distance apart as on the door were drilled 
into the main body of the phantom enclosure also.  On the interior of the phantom, at 
these four holes, set screws were permanently sealed and countersunk into the wall of the 
phantom enclosure.  At the location where the set screws were exposed through the main 
wall of the phantom enclosure, a rubber washer was constructed from 1/8” thick soft 
neoprene rubber (Figure 28).  The Lexan door was then set into place on the four set 
screws and pressed up against the rubber washer.  Then, a wingnut was tightened into 
place on each of the set screws (Figure 29).  The wing nuts were tightened to the point 
that the rubber washer created a watertight, pressurized seal between the opening of the 
phantom and the door. 
 
 
 
Figure 28.  Longitudinal View of Interior of the Phantom. 
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Figure 29.  Illustration of Door and Wing nuts for Water Tightness. 
  
At the opposite end from the removable door, another hole was drilled, tapped and 
threaded to attach a pressure gage.  An Ashcroft Low Pressure Gage (0 – 15 kPa) was 
used to monitor the increase in pressure during fluid injection (Figure 30).  The 
maximum allowed pressure increase was 10% of atmospheric pressure (~10 kPa (76 mm 
Hg)), which is a physiologically realistic pressure range.   
 
 
 
Figure 30.  Ashcroft Low Pressure Gage. 
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Fluid injection can occur at two locations.  On the same end of the enclosure where the 
pressure gage is attached, two 1/8” diameter holes were drilled.  Silicon rubber hoses 
with an outer diameter of 3/16” were fed through the holes and glued into place. 
 
The scanning membrane was attached next.  Many different materials were investigated 
including plastics, Zerdine and rubbers.  The material had to allow transmission of 
ultrasonic waves and have a similar ergonomic feel as human tissue once attached.  The 
material chosen was a 0.04” thick surgical grade latex rubber purchased from McMaster 
Carr.   
 
The latex rubber was cut into a 15”x10” sheet (seen as the yellow material in Figure 29 
and 30).  The section of the sheet that directly overlapped onto the 1/2” thick portion of 
the Lexan enclosure was roughened with P60 grit sand paper to increase the available 
surface area for bonding.  The latex and Lexan were attached using Loctite Gel 
SuperGlue.  After the latex and Lexan were attached to each other and the glue allowed 
to cure, 1/4” thick, 1” wide strips of closed cell foam were attached to the outside of the 
membrane directly above the point of attachment. 
 
Three worm gear clamps were strapped into place directly on top of the closed cell foam.  
The worm gear clamps are the silver metal strips (Figure 29).  At the half-cylinder ends, 
10” diameter worm clamps were used.  Around the perimeter of the base, a single 16” 
diameter worm clamps was attached.  By tightening the worm clamps as much as 
possible, a strong watertight seal was formed. 
 
The final assembly of the phantom can be seen in Figure 31.  This is the setup that was 
used to conduct the experiments for this thesis. 
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(a)      (b) 
Figure 31.  Final Assembly of Injury Mimicking Phantom of the Peritoneal Cavity from 
(a) Pressure Gage Side and (b) Door Side. 
 
3.2.3.  Fluid Injection Pump 
 
The fluid injection system utilizes the two silicon rubber injection tubes and a Chempette 
bench dispenser.  The fluid is injected by manually engaging a piston that pumps fluid 
volumes in controlled increments of 1 mL, ranging between 5 and 30 mL per stroke.  The 
per stroke injection volume is controlled by manually setting a vertical dial on a 
graduated measurement on the top lid of the dispenser.  On the top of the dispenser, a 
manually set vertical dial controls the amount of fluid that can be injected by limiting the 
displacement of the piston head (Figure 32). 
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(a)      (b) 
Figure 32.  (a) Single Stroke Chempette Bench Dispenser Used for Fluid Injection and  
(b) Setup with the Physical Injury Mimicking Phantom. 
 
The fluid flow into and out of the phantom is controlled by two fluid flow clamps (Figure 
33).  Fluid is injected by setting the clamps into the open position and then manually 
engaging the pump.  Before fluid is injected, pumping a single stroke of water back into 
the post-injury fluid reservoir is recommended in order to prevent inadvertently pumping 
a small volume of air into the injury mimicking ultrasound phantom. 
 
         
(a)     (b) 
Figure 33.  (a) Closed Clamp and (b) Open Clamp Configuration. 
 
 
 
Graduated 
Measurement 
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3.3.  Agar Organ Construction 
 
To accurately represent the organs ultrasonically, the materials in Table 2 were used.  The 
resulting solid has the same ultrasonic properties as liver tissue.  The materials used made 
it an attractive alternative to purchasing expensive materials from companies that 
manufacture ultrasound phantoms. 
 
The distilled water was obtained from the Chemical Engineering Department at 
Worcester Polytechnic Institute.  The agar and 1-propanol were purchased from Cole 
Parmer.  The methyl paraben was bought from KIC Chemicals.  Graphite powder was 
purchased from the online art supply dealer, misterart.com. 
 
Table 2.  Base Recipe for Creating Agar Based Phantoms. 
1 – 600 mL distilled water 
2 – 18 g agar 
3 – 0.75 g methyl paraben 
4 – 54 g graphite powder 
5 – 50 mL 1- propanol 
 
The agar and water mixture is used to create a matrix that allows a uniform distribution of 
graphite powder.  1-propanol is used to change the attenuation coefficient to mimic that 
which is found in liver tissue.  The methyl paraben is used as a preservative, to prevent 
bacterial growth from occurring.  This recipe was developed by Prof. Robin Cleveland at 
Boston University. 
 
Table 3 gives detailed instructions for creating the TMM with the materials given in 
Table 2. 
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Table 3.  Recipe for Creating Agar Based Tissue Mimicking Material. 
 
 1 – Heat the distilled water to a minimum of 85o C 
 2 – Add the agar and mix well with water at the above temperature 
 3 – Add the methyl paraben and mix well 
 4 – Cool the mixture to 80o C 
 5 – At 80oC, add the graphite powder and mix well 
 6 – Allow the mixture to cool to 70o C 
 7 – Add the 1-propanol 
 8 – Degas the mixture under vacuum (to remove internal air bubbles) for 15  
minutes while maintained at 70o C  
 9 – Pour the slurry solution gently into a mold or enclosure 
 10 – Cover the mold tightly to prevent ingassing effects 
 11 – Let sit on laboratory bench for approximately 12 hours 
 12 – Once the tissue mimicking materials (TMMs) has solidified, store the  
phantom in a degassed environment or refrigerate 
 
The TMM, once cooled, has the acoustic properties given in Table 1.  Care must be taken 
to keep the phantom stored in a cool environment and isolated from air and water to 
prevent degradation of the material.  TMM has been used upwards to 3 months without 
losing any of its ultrasonic properties given in Table 1. 
 
These TMMs will be used in an aqueous environment.  This TMM tends to rapidly 
dissolve in water.  To prevent the TMM from dissolving, it was poured into thin latex 
condoms while still in a liquid state.  The condoms are very thin, 0.003”, and do not 
significantly attenuate the ultrasound signal.  Once the TMM cools within the condom, it 
exhibits a bright perimeter similar to Figure 13.  The only drawback using this method 
that only cylindrical shaped phantoms can be made. 
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3.4.  Ultrasound Transducers 
 
A variety of ultrasound transducers are used in different fields of medicine.  Since the 
injury mimicking phantom is intended to be used for training for performing the FAST 
exam, the footprint of the transducer must be small.  A high resolution is also needed to 
differentiate small regions from others.  For this experiment a 4 MHz phased array 
Terason ultrasound transducer was used (Figure 34).  This 64 element transducer is 
directly compatible with the portable ultrasound imaging system used to analyze the 
injury mimicking phantom.  This transducer type is typically used with the FAST exam.  
The footprint is small, 2.4 cm, and the transducer can scan up to a depth of 24 cm.   
 
 
 
Figure 34.  Terason 64 Element Phased Array Ultrasound Transducer. 
 
 
3.5.  Experimental Setup for Ultrasonic Image Acquisition 
 
3.5.1.  Experimental Setup 
 
The assembled phantom was placed in a clear plastic tank (35.5” x 16.5” x 8.9”) to 
prevent any damage to electrical equipment in case that the phantom leaked water.  The 
tank has an attached Vecta position controller capable of moving in the x and y direction 
with 0.0028” of accuracy in the x and y directions.  The placement in the z direction is set 
manually. 
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The transducer was attached to the movable Vecta mounting.  During data acquisition, 
the transducer head was fixed in the x and z direction and allowed to traverse in the y 
direction only along a predetermined scan line (Figure 35). 
 
 
 
Figure 35.  Experimental Setup of Injury Mimicking Phantom (the scan path and axes are 
indicated by red lines). 
 
3.5.2.  Experimental System 
 
A flow chart illustrating the interaction of all aspects of the experimental setup is shown 
on the following page (Figure 36).  The ultrasound images collected by the Terason 2000 
system on computer 1 were captured and stored sequentially according to the time that 
they were collected.  After all the images for a specific test case were collected, they were 
moved to a more powerful data processing computer for analysis.  This computer has the 
software packages used to determine if there is a qualitative and/or quantitative difference 
between normal and injury conditions.  A third computer was used to run the numerical 
modeling.  The experimental and numerical data that was collected is sufficiently 
different that drawing comparisons between the two models is difficult. 
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Figure 36.  Block Diagram for Inter-organ Fluid Volume Estimation of the Injury 
Mimicking Phantom. 
 
3.5.3.   Computers Used for Data Analysis and Experimentation 
  
Computer 1 contains the Terason 2000 ultrasound software.  This Gateway laptop has a 
Windows XP Professional operating system with a 1.4 GHz Intel Pentium M processor 
and has 512 MB of RAM. 
 
Computer 2 contains the software packages MATLAB, VolSuite and ITK-SNAP.  This 
Gateway laptop has a Windows XP operating system with a 1.5 GHz Intel Celeron M 
processor.  The laptop contains 512 MB of RAM. 
 
Computer 3 performs numerical analysis with ADINA.  This is a Dell Precision 650 
Workstation with a Windows XP Professional operating system with two Intel Xeon 
processors with a total of 2.4 GHz.  The Workstation has 4 GB of RAM. 
 
Pre-injury
Post-injury
Return to
Pre-injury
Segment
Data
Inter-organ
Volume
Comparison
Inject 600
mL of Fluid
Release
Injected
Fluid
Injected Fluid
Density
Dependence ?
Experimental
Phantom
Collect
Images
for...
ADINA
Plot:
Displacements
and Mass Ratio
Numerically
Modeled
Phantom
 59
3.6.  Data Acquisition 
  
Figure 36 illustrates the sequence of data collection and analysis.  First, the phantom is 
set to a pre-injury, post-injury or a return to pre-injury status for the experimental setup 
(Figure 35). 
 
Ultrasound gel must be applied at the interface of the transducer and the scanning 
membrane to ensure contact with no air pockets between the two.  The transducer head is 
then lowered onto the scanning membrane and fixed in the z-direction.  The scan plane 
for each of the test cases follows the vertex of the cylinder in the y-direction. 
 
A 2D cross section representation of the ultrasound image with respect to the size of the 
phantom was determined (Figure 37).  Equidistant images were collected by turning the 
position controller knob of the Vecta positioning system 30o (Figure 38).  Ninety eight 
images were collected across the entire length of the phantom using the “Freeze” feature 
in the Terason 2000 system and saved as bitmaps with a 1600 x 1200 pixel resolution for 
the ‘pre-injury’, ‘post-injury’ and ‘return to pre-injury’ status for each test case.  
 
One full turn of the Vecta positioning system handle moves the transducer head 1.27 cm 
in the y-direction.  The full scan length was chosen to be 10.6 cm.  For every revolution, 
12 images were collected using the Terason 2000 image capture feature, yielding an 
image every 0.94 mm. 
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Figure 37.  Representation of Captured Area at Each Scan Plane with Respect to Entire 
Phantom Size. 
 
 
 
Figure 38.  Vecta Positioning System Handle. 
 
After all images for the pre-injury status were obtained, a volume of 600 mL was injected 
into the phantom.  The experiment analyzed five different post-injury fluid densities.  The 
per stroke volume of the Chempette bench dispenser multiplied by the number of strokes 
results in the volume of fluid that was injected.  The same image collecting procedure 
was used to collect the 2D images for the post-injury cases as for the pre-injury status.  
One minor difference for the post-injury case was that the transducer head from time to 
time had to be moved in the +z direction in order to prevent potential puncturing of the 
latex membrane.  After every full turn of the positioning system handle, the transducer 
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was moved in the +z direction.  A comparison of the latex membrane deflection for the 
pre-injury and the post-injury conditions illustrating the need to move the transducer head 
is shown below (Figure 39). 
 
            
 
(a)      (b) 
Figure 39.  (a) Pre-injury and (b) Post-injury Conditions of the Physical Injury 
Mimicking Phantom (600 mL Fluid Injected). 
 
To return to a pre-injury state, an equivalent fluid volume that was injected was removed 
from the phantom’s post-injury state.  This was done by opening the hose clamps 
attached to the silicone rubber tubes that inject the fluid into the phantom.  Fluid was 
released until it was equivalent to the mass that was injected.  This return to a pre-injury 
status was analyzed in the same method as the pre-injury and post-injury configurations 
to ensure that the system had indeed returned to its original state. 
 
3.6.1.   Step by step Procedure of Image Collection 
 
A simplified step by step procedure outlined in section 3.6 for collecting the images can 
be seen in Table 4. 
 
Table 4.  Step by Step Instructions for Acquiring Ultrasound Images. 
 
1. Make a total of 3.65 L of agar TMM and insert them into condoms. 
2. Insert these agar ‘organs’ into the main body of the injury mimicking 
ultrasound phantom. 
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3. Fill the remaining volume with distilled water in known increments.  Then 
fill up the phantom until water is nearly spilling out of the open door.  To 
ensure that no air is present, massage the scanning membrane until all air 
bubbles have been let out.  Close the door tightly against the rubber 
washer and tighten the wing nuts.   
4. The phantom is currently configured into the pre-injury condition.  Apply 
ultrasound scanning gel onto the vertex of the latex scanning membrane. 
5. Lower the transducer head onto the scanning membrane.  Ensure that a 
high quality image is seen on the Terason 2000 laptop.  Position the 
transducer head as close to the pressure gage side of the phantom while 
still remaining on the latex membrane. 
6. Open Terason 2000 and set the following options.  Set the Exam Type to 
Abdominal, the Depth to 9 cm and the Focus to 5.5 cm.  The gain will 
have to be adjusted according the brightness of the image once the 
transducer is lowered onto the scanning membrane.  Adjust the gain until 
there is a clear contrast between gray regions (tissue) and dark regions 
(fluid).  On the main menu, select Tools -> Options and set the image 
resolution to 1600 x 1200. 
7. On the Terason 2000 laptop, press the Space Bar to freeze the image. 
8. Press F8 to save the image as a bitmap file.  Since the scanning type was 
set to Abdominal, the files will be saved as ABD(i), where i ranges 
between 000 and the number of images that are acquired.  Terason saves 
the images within the Program Files ->Teratech ->Images folder and saves 
the images sequentially based on the time and date that the images were 
collected. 
9. Press the Space Bar to unfreeze the image. 
10. Turn the Vectra control dial counter clockwise (Figure 39) 30o.  As the 
dial is being turned note the slight change in appearance of the ultrasound 
image.  If there is no change, then Step 9 was not performed. 
11. Repeat Steps 7 through 10 until 98 images have been collected. 
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12. Return the transducer to the original position and move slightly in the 
positive z-direction. 
13. Attach the fluid injection feed line from the Chempette bench dispenser 
into one of the tubes that feeds directly into the phantom and open the 
clamp. 
14. Prepare at least a 2L mixture of water and salt that has one of the five 
post-injury fluid densities: 1.00, 1.02, 1.04, 1.06 and 1.08 g/cm3 and pour 
into the bench dispenser. 
15. With the manual dial set to 30 on the graduated measurement, pump in 20 
strokes of fluid for a total of 600 mL.  Close the clamp.  The phantom is 
now in a post-injury configuration.  Please see Figures 40 and 41 below. 
16. Repeat steps 7 through 11 to collect images for the post-injury state. 
17. Open the clamp and allow 600 mL of fluid to be released and then close 
the clamp.  The phantom is now in a return to pre-injury state. 
18. Repeat steps 7 through 11 to collect images for the return to pre-injury 
state. 
19. Remove the excess fluid from the phantom by opening the clamp.  Once 
the outflow becomes very slow, remove the door and allow the rest of the 
fluid to exit.  This ensures that for the next test, the density of the pre-
injury fluid will be the same as with previous tests. 
20. Repeat steps 3 through 19 for a different density of the injected fluid 
meant to model a post-injury scenario. 
21. Repeat step 20 until all post-injury fluid injection densities have been 
analyzed. 
 
In step 15, the method that fluid is injected is extremely critical.  Setting the per stroke 
fluid injection volume to 30 mL requires 20 strokes to inject 600 mL of fluid (Figure 40 
(b)).  The injection of 20 strokes was conducted over a period of 52 seconds.  Only 
during half this time was the fluid injected (going from Figure 41 (a) to (b)).  The rest of 
the time was used to set the piston head back into the engaged position after each stroke.  
The average flow rate during the time of fluid injection was 23.1 mL per second.  After 
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the fluid was injected, the ultrasound transducer had to be moved back down onto the 
phantom to start collecting images.  The time from after the fluid was injected to start 
collecting images was approximately 90 seconds.  Approximately 35 minutes is 
necessary to collect all 98 images for each test case.  Thus, some locations in the phantom 
have a longer time to allow for density driven effects to take place than others. 
 
             
 
(a)     (b) 
Figure 40.  Illustration of Setting Graduated Measurement to 30 mL of Fluid Per Stroke. 
 
            
 
(a)     (b) 
Figure 41.  (a) Starting and (b) Ending Per Stroke Fluid Injection on Chempette Bench 
Dispenser  
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3.7.  Data Analysis 
 
After following the procedure in Table 4, the data was used by multiple software 
packages for analyzing potential differences between different trauma conditions 
simulated by the ultrasound phantom.  MATLAB, VolSuite and ITK-SNAP were used to 
investigate these differences. 
 
3.7.1.  Software 
 
Multiple mathematical and data analysis software packages were used to analyze 2D 
ultrasound images and to create 3D representations of the acquired images.  Five different 
software packages were used, all of which use a Microsoft Windows XP, Service Pack 2 
operating system. 
 
3.7.1.1.  Terason 2000 
 
Terason 2000 is a portable ultrasound system that can acquire high resolution images 
(Figure 42).  The Terason system provides a selection of many different types of 
ultrasound scanning modes, includes medical support for medical procedures such as 
biopsies and is directly compatible with transducers manufactured by Terason. 
 
This system was used to capture 2D images of the injury mimicking phantom for pre-
injury, post-injury and a return to pre-injury status. 
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Figure 42.  Terason 2000 Ultrasound System. 
  
 
3.7.1.2.  MATLAB Analysis 
 
MATLAB (Matrix Laboratory) is interactive software used for numerical calculations, 
graphical illustrations and data processing.  It was used to crop all the ultrasound images 
(~1500) into smaller files.  All the images for each specific test case were converted into 
a *.raw file format that can be analyzed by VolSuite and ITK-SNAP. 
 
For most test cases, the images were cropped from a size of 1600 x 1200 to 500 x 400 
(Figure 43).  This sped up the data analysis process by simply removing the sections of 
the ultrasound images that were not analyzed. 
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(a)      (b) 
Figure 43.  (a) Typical Ultrasound Image Captured Using the Outlined Experimental 
Setup and (b) Cropped Image used to Calculate Inter-organ Volumes . 
 
The MATLAB file that performs cropping of all ultrasound images for a specific test case 
is found in Appendix B.1.  The MATLAB file that creates the *.raw file for analysis in 
VolSuite and ITK-SNAP is given in Appendix B.2. 
 
3.7.1.3.  3D Volume Rendering with VolSuite 
 
VolSuite (version 3.3.13) is an open source application that contains scientific data 
processing tools integrated into a single platform.  VolSuite has multiple interfaces that 
can explore, manipulate, visualize and analyze data.  VolSuite relies almost entirely on 
plug-ins that can be downloaded from the internet or user created programs that can 
interpret and manipulate many different types of data file formats. 
 
VolSuite is used to create 3D representations of the 2D images captured with the Terason 
2000 ultrasound system (Figure 44).  A detailed outline for creating the volumes from the 
2D images can be seen in Appendix C.   
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Figure 44.  3D Representation of Images Collected with the Outlined Experimental 
Setup. 
 
VolSuite can illustrate qualitative changes in the ultrasonic appearance between pre-
injury and post-injury phantom configurations.  The lighter regions represent the agar 
phantom material and the darker regions are the inter-organ fluid volumes.  The volume 
of the darker regions (i.e. fluid) will be determined by ITK-SNAP. 
 
3.7.1.4 3D Fluid Volume Calculation and Construction using ITK-SNAP 
  
ITK-SNAP is a free software created by the PICSL lab at the University of Pennsylvania. 
Volume estimation is determined by segmenting the image data.  Segmenting is a process 
by which regions of the ultrasound signal that have different acoustic appearances from 
other regions are distinguished from each other by using an image intensity filter.  
Segmentation within ITK-SNAP is done by assigning each voxel (i.e. 3D pixel) a 
numerical value ranging between 0 (pure black) to 255 (pure white). 
 
ITK-SNAP enhances the boundary between regions that have different voxel intensities.  
This is achieved by passing the original bitmap image through an image edge filter.  
Three parameters are used to enhance image edge recognition: 1) scale of Gaussian 
blurring, 2) edge contrast and 3) edge mapping exponent [31].   
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Gaussian blurring describes how much the image is blurred before the edges of the image 
regions are calculated.  For small values of Gaussian blurring, all the edges (in the 
ultrasound image) will be used to construct the feature images (individual fluid pockets).  
Setting a small value will likely blur the feature image boundaries.  If the Gaussian 
blurring is set too high, image edges that are fine will be lost.  Selecting the scale is a 
balance of creating too much noise or too little detail [31]. 
 
The edge contrast and the edge exponent work in tandem to determine the shape of the 
image edge filter (Figure 45).  This curve enhances the edge strength of different region 
boundaries within the filtered image that have a substantial difference in voxel intensity 
[31].  The steeper the curve, the greater the difference between regions with differing 
voxel intensity values after the filter is applied to the original image [31]. 
 
 
 
Figure 45.  Image Edge Filter with Three Control Parameters. 
 
In this analysis, the following image edge filter control parameters were used.  The 
numbers in parentheses indicate the range of values that each parameter can be set to.  
The three image edge filter controls are: 
 
 
 
 70
1. Scale of Gaussian blurring = 1.0 (0.1 – 3.0) 
2. Edge Contrast = 0.1 (0.002 – 0.200) 
3. Edge Mapping Exponent = 2.0 (1.00 – 3.00) 
 
Using these values, the ultrasound image underwent the following transformation (Figure 
46): 
 
  
 
           (a)                (b) 
Figure 46.  (a) Original and (b) Preprocessed Image Using the ITK-SNAP Image Edge 
Filter Parameters Given Above. 
 
The actual volume estimation of the fluid pocket is done with a method called snake 
evolution.  A snake refers to a closed curve (2D) or any surface (3D) that represents a 
segmented region [31].  During the evolution of the snake, it evolves from a rough 
approximation to a very refined representation of the surface.  The evolution of the snake 
is governed by the velocity at any point on the snake boundary for any specified time.  
This velocity is dependant on the shape of the snake and the intensity of the neighboring 
voxels [31].  The velocity is always perpendicular to the snake boundary.   
 
One velocity component (yellow in Figure 47) depends on the properties of the image.  
The velocity is much greater in regions where the intensity is homogeneous and much 
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slower where edges are present [31].  The other velocity component (blue in Figure 47) is 
dependent on the shape of the snake [31].  At regions where the snake has a high degree 
of curvature, the snake velocity is higher.  At these points, the final velocity term acts in 
the opposite direction of the expansion velocity to maintain a smooth snake shape [31]. 
The iterative evolution of the snake is controlled by the sum of each of the velocities at 
each point along the snake. 
 
 
 
Figure 47.  Illustration of Snake Velocities [31] 
 
ITK-SNAP uses three different velocities to control snake movement: 
 
1. Propagation velocity 
2. Curvature velocity 
3. Advection velocity 
 
The propagation velocity is the most commonly used velocity within ITK-SNAP.  This 
velocity is directly proportional to the image intensity [31].  This velocity can be set as 
positive or negative.  For regions with a homogeneous intensity, the snake will expand or 
contract at a constant speed. 
 
The curvature velocity controls the shape of the evolving snake.  This feature also helps 
to prevent the evolution of the snake from leaking into different regions outside of the 
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segmentation.  The curvature velocity’s direction is inwardly pointing normal to the 
curvature (blue in Figure 47) [31].  This velocity is used to slow down the snake at highly 
curved regions and smoothes out sharp corners. 
 
The advection (counter acting expansion) velocity slows down the snake at regions where 
there is a large voxel intensity gradient, preventing the snake evolution spilling over into 
other segmented regions.  This velocity is the dot product of the unit vector perpendicular 
to the snake and the image intensity gradient.  When the snake is near the region edge, 
the advection velocity prohibits the snake from expanding any further. 
 
In ITK-SNAP, the three separate velocities are not explicitly set.  The velocities are 
determined by three forces supplied by the user.  For these experiments, the following 
snake evolution parameters were used: 
  
Balloon Force = 2.00 (on a scale of -3.00 to 3.00) 
Curvature Force = 0.20 (on a scale of 0 to 1.00) 
Advection Force = 4.00 (on a scale of 0 to 5.00) 
 
This combination of snake evolution parameters allows the voxels at the fluid and organ 
boundaries to be included in the fluid volume calculation.  The balloon (expansion) force 
was set sufficiently high to include regions that had a very steep gradient.  The curvature 
force was set relatively low so that sharp edges and corners were also included in the 
voxel count.  The advection force keeps the balloon force from spilling into regions that 
are not in the fluid domain once the snake evolution reaches the fluid-organ boundary. 
 
After snake propagation is complete, a 3D representation of the segmented regions was 
created (Figure 48). 
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Figure 48.  3D Representation of Two Inter-Organ Fluid Pockets using ITK-SNAP. 
 
Once the final volume has been created, ITK-SNAP then displays the number of voxels 
included in the snake evolution.  Knowing the image resolution of the original ultrasound 
image and the spacing between the equidistant images, the voxel count is actually an 
expression of the volume.  Using the volumes calculated for the pre-injury, post-injury 
and a return to pre-injury status, the effects of the injected fluid volume density on the 
estimated inter-organ fluid volume can be investigated. 
 
3.7.1.5.   ADINA 
 
ADINA (Automatic Dynamic Incremental Nonlinear Analysis) is a finite element 
program that can perform fluid, structural and fluid-structure interaction analysis.  The 
phantom that was created experimentally was modeled numerically using this program. 
 
ADINA modeled the response of the solid internal organs and distensible membranes 
based on the properties (velocity and density) of the fluid injected into the phantom 
during internal bleeding simulation.  The phantom has nine total organs organized into 
three rows (Figure 49).  The cylindrical portion of each phantom is 5 inches long and the 
half sphere end caps with diameters of 1.5”, 1.25” and 1” for the bottom, middle and top 
rows respectively.  The solid ‘organs’ occupy 29.8% and 28.7% of the total internal 
volume for pre-injury and post-injury conditions.  The remainder of the space is occupied 
by fluid.  This volume fraction of the solid and fluid material is vastly different from the 
experimental model and what is actually present in the peritoneal cavity.  This was done 
to ensure that there would be no contact between adjacent.  This was necessary because 
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the contact algorithm within ADINA was incapable of solving dynamic contact 
conditions in fluid-structure interaction problems. 
 
The phantom has the same dimensions and features as the experimental phantom 
previously shown in Figure 27 (Figure 49).  The bottom and end plates were modeled as 
a linear elastic material with yield criterion of Lexan.  The external scanning membrane 
has properties of rubber latex determined by tensile testing.   
 
 
Figure 49.  Illustration of Solid Model Used for Comparison with Physical Model Fluid 
Distribution. 
 
Simply due to restraints in memory, hard disk space and time, only a fraction of the 
amount of fluid that was injected into the phantom experimentally was modeled 
numerically.  The amount of fluid that was injected adhered to a volumetric flow rate that 
would still be considered reasonably possible in an actual case.  For this simulation 6mL 
of fluid was injected per second.  This volumetric flow rate is already higher than what is 
anatomically realistic.  To ensure that the injected fluid was not put in extremely fast, a 
fraction of the fluid injected into experimental model was used. 
 
The organs within the phantom have the same density as the agar based recipe, 1.045 
g/cm3.  The density of the fluid that is present prior to fluid injection (water) has a density 
of 1.00 g/cm3.  Four tests were conducted: 
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1. The fluid injection density is slightly less than the density of the organ 
(1.02 g/cm3), 
2. The injected density is greater than the density of the organs (1.06 g/cm3). 
3. The injected fluid density is equal to the organ density (1.045 g/cm3).   
4. The trauma induced fluid has a much higher density than the organs and 
pre-injury fluid (1.50 g/cm3).  An unrealistic physiological density was 
modeled to determine if ADINA would indicate any difference in the flow 
pattern compared to the previous three tests.  A larger density should 
enhance the density driven effects compared to the test conditions that 
have a density near the value of the agar organs. 
 
For each test, 150 mL of fluid was injected into the phantom over a period of 25 seconds 
(velocity = 30 in/sec) in 0.1 second increments.  At 25.1 seconds, the inlet fluid flow was 
shut off and for 25 additional seconds the fluid velocity was allowed to decay (Figure 
50).  The fluid injection volume was constant during the duration of injection (6 mL/sec).  
This is much lower than the experimental test, which when being injected had a 
volumetric flow of 23.1 mL/sec .  Modeling each test required approximately 66 hours to 
complete on computer 3 described in section 3.5.2. 
 
 
 
Figure 50.  Experimental Injection Volume Profile. 
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ADINA was used to answer the following questions related to the numerical solver and 
its usefulness as an additional training tool. 
 
1) How long after the fluid had been injected does it take for the system to reach 
steady state?  That is, how long does it take for the velocity magnitude to 
decrease to near zero?  Can there be a time constant extracted based on this 
information? 
2) Does the density of the injected fluid have any effect on the displacement of 
the internal organs for the same inlet flow speed and injected volume? 
3) Does there appear to be any fluid density stratification of the injected fluid 
and the fluid present after injury? 
4) How well does the fluid distribution compare to with what was observed 
experimentally?  Does the experimental and numerical model reach the same 
conclusions regarding density dependence of the injected fluid, fluid 
distribution and location where the inter-organ fluid volume tend to increase? 
5) Is ADINA a tool that is worth using in the future for modeling fluid 
distribution in the form of internal bleeding? 
 
3.7.1.6.  Convergence Criteria in ADINA 
 
The method that ADINA uses to iteratively solve within each time step is discussed 
below.  In the numerical analysis, time increment steps of 0.1 seconds were used.  In 
general, with numerical models, the smaller the time step that is used, the more stable the 
model is.  For 3D analysis, ADINA offers three convergence criteria: 1) force and 
displacement/velocity, 2) displacement/velocity and 3) force.  Given that the 
displacement and velocity are each critical parameters that are solved for in each time 
step, the ADINA User Guide recommends using a force convergence criteria for FSI 
analysis.  For each time step, the convergence criteria used by ADINA is given in Eq. 
(39).  The convergence criteria was defined at each node defined at all fluid structure 
interface (i.e. the latex scanning membrane and individual organs).  The force at each 
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node must fall into the range of acceptable values before the solver can go on to the next 
time step. 
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The reliability of the solution largely hinges on how small the user defined tolerance was 
set.  Using a tolerance of εF of 0.01, 5 iterations within each time step were required to 
converge to within the criteria.  Increasing or decreasing this value will decrease or 
increase the respective solver times.  The force criterion was defined only where fluid-
structure interactions were occurring (i.e. the latex scanning membrane and individual 
organs). 
 
Another means of changing the necessary solver times is to increase the size of the 
subdivisions that each model is discretized into.  Increasing the mesh spacing decreases 
the number of equations that must be simultaneously solved, lowering the memory 
requirements and subsequent solve times necessary to solve each iteration and entire 
simulation. 
 
Another possible way of lowering the solver time is to define the lexan enclosure as rigid 
rather than as a deformable body.  There are approximately 6000 lexan nodes in the solid 
model.  However, it is not known if the definition of additional boundary conditions 
while removing the need to solve for the displacements, stresses and strains at each times 
step will decrease the number of simultaneous equations that are to be solved because 
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ADINA gives no indication of the individual number of equations that each model 
contributes.  
 
The steps for creating the ADINA models are found in the document titled “ADINA 
Model Instructions” that accompany hard copies of this thesis. 
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4.  RESULTS 
 
4.1.  Physical Phantom Experiments 
 
This section gives an overview of the experimental results obtained with the experimental 
and numerically modeled injury mimicking phantom.  Included are: 
 
1) Ultrasound Images for Different Fluid Injection Densities at 3 Specific 
Locations 
2) 3D Representations of Equidistant 2D Images 
3) Inter-organ Volume Estimations 
4) ADINA Modeling Results 
 
All ultrasonic images were collected between September 11 and September 18, 2006 
using the procedure outlined in chapter 3.  The tests were conducted in order of 
increasing fluid injection density for modeling the post-injury case.   
 
The numerical results were conducted between November 1 and November 23, 2006 
using the method outlined in chapter 3.  The numerical tests were conducted for injected 
fluid with increasing density. 
 
4.1.1.  Ultrasound Images at Three Locations for Five Different Fluid Injection 
Densities 
 
A total of fifteen configuration experiments (five different fluid injection densities for 
three injury configurations) were conducted with the injury mimicking ultrasound 
phantom.  Chapter 3 outlines the experimental procedure and also discusses the data 
analysis software used to analyze the effectiveness of the injury mimicking ultrasound 
phantom as a training device for detecting the presence of internal trauma in the 
peritoneal cavity. 
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The ultrasound phantom was first qualitatively inspected according to the distribution of 
the agar organs within the housing of the phantom.  Initially, only images at three 
locations (Figure 51) along a chosen scan path of the phantom were compared against 
other locations and post-injury fluid injection densities.  This analysis determined if there 
was a qualitative difference in the appearance of the ultrasonic image and if more in-
depth analysis should be performed. 
 
Figure 51 shows the three locations chosen for initial evaluation.  Location 1 is located 
near the Lexan wall with the attached pressure gage.  Location 2 is located at the halfway 
point on the scan line, 5.3 cm away from location 1.  The final location, 3, is located at 
the end of the scan line, 10.6 cm from location 1 and 5.3 cm from location 2.  Figures 52 
though 54 show sample ultrasound images acquired for the pre-injury, post-injury and a 
return to pre-injury condition at Locations 1, 2 and 3 respectively for an injected fluid 
density of 1.00 g/cm3. 
 
1 2
3
 
 
Figure 51.  Locations of Initial Ultrasonic Evaluation of Experimental Injury Mimicking 
Phantom. 
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(a) 
  
(b) 
 
(c) 
 
Figure 52.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 1 
for Injected Fluid Density =1.00 g/cm3. 
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(a)  
  
 (b) 
 
(c) 
 
Figure 53.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 2 
for Injected Fluid Density =1.00 g/cm3 
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(a)        
  
(b) 
 
(c) 
 
Figure 54.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 3 
for Injected Fluid Density =1.00 g/cm3. 
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The results presented in Figure 52 through 54 represent only three locations for one test 
case.  Results for the other test cases with different fluid injection densities at locations 1, 
2 and 3 can be seen in Appendix H. 
 
4.1.2.  Volumetric Representation of Acquired Ultrasound Images 
 
One of the initial hypotheses was that there would be a qualitative difference between the 
different injury states.  The behavior of the phantom was further analyzed by creating 3D 
representations of the images captured along the entire length of the scan line.  The step 
by step procedure for creating these volumes is given in Appendix C.  Figure 55 shows 
3D representations using equidistant 2D ultrasound images with an injected fluid density 
of 1.02 g/cm3 for pre-injury, post-injury and a return to pre-injury conditions. 
 
The images in Figure 55 are oriented such that the back of the image represents location 1 
on Figure 51.  The front part of the image is at location 3.  At location 1, the difference 
between the pre-injury and post-injury cases was very difficult to discern.  Figure 55 was 
oriented to illustrate the drastic difference between the pre-injury and post-injury 
conditions near the center of the phantom.  The brightness of the images and the contrast 
between the light and dark portions were enhanced within VolSuite to show the pockets 
of accumulated fluid in greater detail.  3D representations for the pre-injury, post-injury 
and return to pre-injury conditions for all injected fluid densities can be seen in Appendix 
L. 
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(a) (b) 
 
(c) 
 
Figure 55.  3D Phantom Visualization Created in VolSuite for (a) Pre-injury, (b) Post-
injury and (c) Return to Pre-injury Condition for ρ=1.02 g/cm3. 
 
4.1.3.  Inter-organ Volume Estimation 
 
To definitively show a difference between differing states of trauma, volumetric data 
must be obtained.  A quantitative difference for the inter-organ fluid pockets can be 
found by segmenting the data in ITK-SNAP.  The image edge filtering method used is 
described in section 3.7.1.4. 
 
The fluid volumes for two separate inter-organ fluid volumes were reconstructed (shown 
in red in Figure 56).  Regions that had a very distinct image edge boundary in each figure 
were calculated.  The top two pockets (shown in red in Figure 56) were consistently 
detectable.  These inter-organ volumes were calculated for all test cases. 
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(a)      (b)           (c) 
 
Figure 56.  Inter-organ Fluid Regions Reconstructed Using ITK-SNAP for (a) Pre-injury, 
(b) Post-injury and (c) Return to Post-injury Conditions. 
 
The filtering algorithm in ITK-SNAP was used to enhance the boundary between 
neighboring voxels that have different intensities.  A high voxel intensity appears white, 
whereas a low voxel intensity appears black.  Using the image edge filter parameters 
given in the Methods chapter, the ultrasound images underwent the transformations 
similar to that seen in Figure 57.  The process is like creating a negative of the original 
image, where the inter-organ fluid volume intensity changed from black with a blurred 
boundary to white with an enhanced boundary within a cropped section of the image.  
 
In Figure 57, the red dots represent the first stage of snake evolution.  They iteratively 
expand until the white triangular shaped portion has been filled in.  After filling in the 
entire area, ITK-SNAP counts the number of voxels occupied by the red domain. 
 
 
 87
  
           (a)                (b) 
 
Figure 57.  (a) Original and (b) Preprocessed Image Using the ITK-SNAP Image Edge 
Filter Showing Separate Snake Definition. 
 
ITK-SNAP illustrates three different planes and constructs a volume based on the 
included voxels.  Figure 58 shows the orientation of the different scan planes given by 
ITK-SNAP.  All the ultrasound scans obtained are collected along the S-I line, giving an 
appearance seen in the upper left of Figure 59.  There are 98 separate images, one for 
each of the individual images collected.  The size of the other two ultrasound images 
represents the resolution of the cropped image (535 for upper right and 424 for bottom 
right images respectively).   
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Figure 58.  Diagram Illustrating the Location of the Right-Left (x-axis), Anterior-
Posterior (y-axis) and Inferior-Superior (z-axis) Axes. 
 
The upper left image of Figure 59 shows face 1 on Figure 58.  The upper right image 
represents face 2.  The bottom right image illustrates face 3.  The bottom left image is the 
fluid pocket reconstruction obtained from the snake evolution. 
 
 
 
Figure 59. 3D Reconstruction of Different Planes from Figure 58 for the Pre-injury, 1.00 
g/cm3 Injected Fluid Case. 
 
Scan Direction 
98 Images 
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In Figure 57 (b), two separate snakes were defined for the two analyzed fluid pockets.  
Each snake iteratively expanded to include a larger percentage of the inter-organ fluid 
volume it was reconstructing.  Figure 60 shows the finalized reconstruction of the fluid 
volumes for a pre-injury, post-injury and a return to pre-injury state of both snakes for an 
injected fluid density of 1.00 g/cm3.  The same two fluid pockets were analyzed for all 
test cases.  The voxel count that ITK-SNAP reports is the sum of the two separate snakes. 
 
 
(a) 
 
(b) 
 
(c) 
 
Figure 60.  Inter-organ Fluid Volume Estimations Using ITK-SNAP for Injected Fluid 
Density = 1.00 g/cm3 for (a) Pre-injury, (b) Post-injury and (c) Return to Post-injury 
Conditions. 
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The voxel count for each test given by ITK-SNAP contains the voxels for both snakes 
used for analyzing the two separate inter-organ fluid pockets.  Using this voxel count and 
corresponding conversion to volume (Appendix E), the inter-organ fluid volumes (the 
sum of voxels from each separate snake) calculated are given in Table 5. 
 
Table 5.  Total Fluid Volumes from Both Snake Evolutions for Each Test Case. 
Injected fluid 
density (g/cm3) 
Pre-injury  
(mL) 
Post-injury 
(mL) 
Return to  
Pre-injury (mL) 
1.00 6.62 10.71 5.75 
1.02 5.78 10.31 3.23 
1.04 4.72 11.98 3.68 
1.06 6.00 16.87 4.88 
1.08 3.69 11.18 5.52 
Average 5.36 12.21 4.61 
Standard Deviation 1.16 2.68 1.11 
 
Statistical analysis was performed in the chapter 5 to find if the inter-organ fluid volume 
depends on the injected fluid density as well as if there was a definite difference between 
pre-injury, post-injury and return to pre-injury conditions. 
 
4.2.  Numerical Model Results 
 
4.2.1.  Numerical Results 
 
4.2.1.1  Initial 2D Analysis 
 
A 2D representation of the injury mimicking phantom was initially created using 
ADINA.  The model assumed that a particular plane within the 3D phantom far away 
from the lexan end plates was being analyzed.  The model was assumed to have a rigid 
bottom, a distensible half circle shaped scanning membrane.  Six circular organs were 
modeled on the interior.  Then fluid was injected up through the bottom of the lexan plate 
and three of the six organs were allowed to displace based on the fluid flow conditions.  
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A 2D representation of the injury mim0icking model can be seen in Figure 61.  Figure 
61(a) represents a pre-injury conditions.  The top left, upper middle and lower right 
organs were allowed to move based on the flow conditions.  Contact conditions were not 
applied to the organs and the other bodies that it may potentially touch.  Instead, a 
constant offset of 0.01” was set so that no two bodies may be closer than this value.  This 
method of setting a distance between organs works for 2D fluid-structure analysis, but 
not for 3D analysis.  For the post-injury case, fluid is flowing from the inlet in the bottom 
right and allowed to exit out of the bottom left to prevent the external distensible 
membrane from inflating too rapidly. 
 
As seen in Figure 61, phantoms 1, 2 and 6 move in the direction of the flow field and 
come very close to contacting each other.  In fact, organs 2 and 6 would come into 
contact and crash the solver if the constant offset was not applied.  The 2D model shows 
that ADINA is capable of solving problems where the internal organs displace a 
significant degree.  This solution was effected by allowing for mesh regeneration to occur 
once the original mesh became too deformed.  The results generated from the 2D plots 
were not used for verification of the physical model, only for understanding some of the 
necessary boundary conditions and assumptions that must be made to obtain a numerical 
solution 
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(a) 
 
(b) 
Figure 61: (a) Pre-injury and (b) Post-injury Representation of 2D Model 
 
2D analysis was simply inefficient at modeling what was occurring within the phantom.  
A more representative analysis of what is occurring internally during fluid injection needs 
to be represented three dimensionally.  A 2D estimation of the 3D interaction of the 
injected fluid with the organ material is not likely to be a realistic approximation for 
several reasons.  First, the tests conducted with the physical method want to be modeled 
as closely as possible.  To do this, fluid would have to be injected from a source from 
within the fluid domain, which ADINA does not allow.  Also, to model if there is a 
preferential location of blood pooling, the density driven effects that may occur far away 
from the source are not easily modeled.  The injected fluid may not cause the organs to 
deflect along the entire length of the ‘organ’ if the injected fluid first interacts with the 
1
2
6
Inlet Flow
4
3
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portion of the organ that is closest to the point of injection.  The long cylindrical organs 
used in the experimental analysis will most likely deflect along an axis other than the 
primary ones. 
 
The 2D model assisted in determining which boundary conditions and assumptions that 
needed to be made in order solve the 3D numerical model of the injury mimicking 
ultrasound phantom. 
 
4.2.1.2.  3D Numerically Modeled Injury Mimicking Phantom 
 
For each ADINA simulation conducted, the velocity profile, displacement of each of the 
internal organs and distribution of the injected fluid within the fluid domain was plotted. 
 
Each of these variables was analyzed at 5, 25, and 45 seconds.  A total of four 
experiments were conducted: 1) injected fluid density is less than the organ density (1.02 
g/cm3); 2) injected fluid density is equal to the organ density (1.045 g/cm3); 3) injected 
fluid density greater than the organ density (1.06 g/cm3); and 4) the injected fluid much 
denser than organ density (1.50 g/cm3). 
 
Figures 62 through 64 show the z-velocity profile at three analyzed times.  The 
displacements of the internal organs are plotted in Figures 65 through 67.  Finally, the 
mass ratio profile is seen in Figure 68 through 70. 
 
The center of the phantom was chosen as a point of analysis because it was sufficiently 
far away from the inlet to avoid the large velocity caused by the inlet jet.  Observing the 
profile here is much simpler because the flow pattern and contour are not dominated by 
the inlet jet.  Near the front wall, the velocity of the injected fluid jet made it difficult to 
analyze the velocity elsewhere by observing the contour plot.  The high velocity near the 
jet made it difficult to analyze velocity profile further away where the velocity was 
several orders of magnitude lower than the maximum value.  At the center of the 
phantom, there is a noticeable quantitative and contour profile difference between the 
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velocity when the fluid is being injected and when it has been shut off.  The z-velocity 
profile shortly after fluid started being injected (Figure 62) shows a very similar flow 
pattern for all test conditions in both the maximum velocity achieved and contour 
appearance.  The difference in the maximum velocity for all test cases is very small, 
0.0002 in/sec.  Right at the point when fluid is being turned off (Figure 63), the same 
small difference between velocities is present as at earlier times.  The contour plot 
appears to be the same for all fluid injection density cases as well.  At the last time 
analyzed (Figure 64), the differences between different fluid densities start to become 
more apparent.  Interestingly, the injected fluid with the lowest density has the highest 
maximum velocity in the z-direction.  If the flow were density driven, the maximum 
velocity for the lightest fluid should be the smallest.  It is likely that some pressure driven 
effects are still present at this time. 
 
The maximum displacements followed a different trend compared to the z-velocity 
profile.  The maximum displacement and contour is shown in Figures 65 through 67.  At t 
= 5 sec (Figure 65), the maximum displacements for all test conditions are nearly 
identical.  Only 0.00002” separates the largest and smallest maximum values.  At t = 25 
sec (Figure 66) differences start to appear.  The ‘much heavier’ case has a small, but 
noticeably larger maximum displacement compared to the other cases (0.003”).  At the 
last time analyzed (Figure 67), the ‘much heavier’ case has an even larger maximum 
displacement difference (0.006”) than the other cases. 
 
The mass ratio, iφ , is an expression of the mass concentration of the injected fluid as it 
diffuses throughout the fluid domain.  Looking within each finite element in the fluid 
domain, a portion of the space is occupied by the injected fluid and part by the fluid 
present in the pre-injury state.  The mass ratio is a means of expressing how much of the 
injected fluid occupies a region that was previously occupied by the pre-injury fluid. 
i
i
ρφ ρ=          (40) 
For instance, if an injected fluid was the only fluid constituent present, the mass ratio 
would be equal to one.  The mass ratio allowed visualization as to how the fluid was 
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dispersing and diffusing throughout the fluid domain as fluid was injected.  It can also 
show the density difference effect between the injected fluid and the fluid that was 
present in a pre-injury state.  The mass ratio was plotted near the point of injection so that 
the dispersion of the injected fluid near the inlet could be viewed at times shortly after 
fluid was injected.  As the amount of time that fluid was injected increases, the mass ratio 
increased for all test cases (Figure 68 and 69).  Note that for the densest injected fluid, the 
mass ratio is lowest.  After the fluid flow is turned off (shortly after that point in time, 
modeled in Figure 69), the mass ratio decreases for all test cases (Figure 70).  The test 
conditions that experienced the smallest maximum displacement now have the largest 
maximum mass ratio. 
 
The displacement and mass ratio are inter-related.  For two simulations that model the 
same fluid injection conditions other than the density of the injected fluid, larger 
displacements of the organs near the point of injection allow a larger volume for the 
injected fluid to occupy.  In the event that the same injection fluid volume occupies a 
larger space within a mixture of pre-injury fluid and injected fluid, the mass ratio will be 
smaller. 
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(a)      (b) 
 
 
(c) (d) 
(d)  
Figure 62.  Z-direction Velocity [in/sec] at the Center of the Numerically Modeled 
Phantom that is (a) Less Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than 
(1.06 g/cm3) and (d) Much Heavier than (1.50 g/cm3) the Density of the Cylindrical 
Organs at t = 5.0 seconds. 
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(a)       (b) 
 
(c)       (d) 
 
Figure 63.  Z-direction Velocity [in/sec] at the Center of the Numerically Modeled 
Phantom that is (a) Less Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than 
(1.06 g/cm3) and (d) Much Heavier than (1.50 g/cm3) the Density of the Cylindrical 
Organs at t = 25.0 seconds. 
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(a)       (b) 
 
(c)       (d) 
 
Figure 64.  Z-direction Velocity [in/sec] at the Center of the Numerically Modeled 
Phantom that is (a) Less Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than 
(1.06 g/cm3) and (d) Much Heavier than (1.50 g/cm3) the Density of the Cylindrical 
Organs at t = 45.0 seconds. 
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(a)        (b) 
 
 
(c)        (d) 
 
Figure 65.  Internal Organ Displacement [in] of the Numerically Modeled Phantom that is 
(a) Less Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than (1.06 g/cm3) and 
(d) Much Heavier than (1.50 g/cm3) the Density of the Cylindrical Organs at t = 5.0 
seconds. 
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(a)       (b) 
 
 
(c)       (d) 
Figure 66  Internal Organ Displacement [in] of the Numerically Modeled Phantom that is 
(a) Less Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than (1.06 g/cm3) and 
(d) Much Heavier than (1.50 g/cm3) the Density of the Cylindrical Organs at t =25.0 
seconds. 
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(a)        (b) 
 
 
(c)        (d) 
 
Figure 67.  Internal Organ Displacement [in] of the Numerically Modeled Phantom that is 
(a) Less Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than (1.06 g/cm3) and 
(d) Much Heavier than (1.50 g/cm3) the Density of the Cylindrical Organs at t =45.0 
seconds. 
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(a)       (b) 
 
 
(c)       (d) 
 
Figure 68.  Mass Ratio at the Front of the Numerically Modeled Phantom that is (a) Less 
Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than (1.06 g/cm3) and (d) 
Much Heavier than (1.50 g/cm3) the Density of the Cylindrical Organs at t =5.0 seconds. 
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(a)       (b) 
 
 
(c)       (d) 
 
Figure 69.  Mass Ratio at the Front of the Numerically Modeled Phantom that is (a) Less 
Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than (1.06 g/cm3) and (d) 
Much Heavier than (1.50 g/cm3) the Density of the Cylindrical Organs at t =25.0 seconds. 
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(a)       (b) 
 
(c)       (d) 
Figure 70.  Mass Ratio at the Front of the Numerically Modeled Phantom that is (a) Less 
Than (1.02 g/cm3) (b) Equal to (1.045 g/cm3), (c) Heavier Than (1.06 g/cm3) and (d) 
Much Heavier than (1.50 g/cm3) the Density of the Cylindrical Organs at t =45.0 seconds. 
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5.  DISCUSSION 
 
5.1.  Qualitative Differences for 2D and 3D Representations 
 
During the collection of all ultrasound images, distinct qualitative and quantitative 
changes were noticed between pre-injury, post-injury and a return to pre-injury 
conditions.  Once fluid is injected, the number of organs in the image changes since the 
scanning membrane deflects in the +z direction while the depth of scanning remains the 
same.  This deflection also caused the organ at the top and center to sometimes decrease 
the number of organs it touches.  The agar organ does not touch as many organs because 
there was a fluid layer that appears between the agar organs and the latex scanning 
membrane, allowing the top-center phantom not to be constrained.  Near the center of the 
phantom, the top-center organ appeared to float.  This caused the two inter-organ 
volumes created as it touched the surrounding agar organs to merge into one larger fluid 
pocket.   
 
Qualitative differences between pre-injury and post-injury conditions at different scan 
locations were investigated using the criteria listed above: 
 
1. The number of individual agar ‘organs’ visible in each image. 
2. The number of agar ‘organs’ that are touching the top-center organ. 
3. The appearance of fluid between the top-center organ and the latex 
scanning membrane. 
4. Merging of two fluid pockets. 
 
Figures 71 through 74 illustrate each of the four criteria listed above.  Figure 71 identifies 
the organs to be counted in each image.  Figure 72 shows the top-center agar organ.  The 
appearance of fluid between the latex scanning membrane and the top-center agar organ 
can be seen in Figure 73.  The final method for analyzing a qualitative difference is to 
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note the merger of two fluid pockets in a pre-injury state into one large pocket in a post-
injury stage.  An example can be seen in Figure 74. 
 
 
 
Figure 71.  Illustration of Number of Organs that are Visible in Each Image. 
 
 
 
 
Figure 72.  Top-Center Organ Illustration for Qualitative Criteria Analyzation. 
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1 
6 
5 
4 
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3 
2 
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Figure 73. Illustration of Fluid Between Latex Scanning Membrane and Agar ‘Organ’. 
 
             
(a) (b) 
 
Figure 74.  Illustration for (a) Two Pockets in a Pre-injury Configuration and (b) Merged 
Pocket for Post-injury Configuration. 
 
At each of the three scanning locations, the pre-injury, post-injury and return to pre-
injury conditions were analyzed. 
 
 
 
 
 
 
 
 
 
 
Fluid Between 
Organ and Latex 
Scanning Membrane 
Fluid  
Pocket 1 
Fluid  
Pocket 2 Merged Fluid Pockets 
 108
Table 6.  Comparison Criteria for Location 1. 
Injected 
Density 
[g/cm3] 
Phantom 
Status 
Number of 
Visible 
Organs 
Number of 
Organs that Top-
Center Organ 
Touches 
Fluid Between Organ 
and Latex Scanning 
Membrane 
Fluid Pocket 
Merger 
1.00 Pre-injury 7 3 NO  
 Post-injury 7 3 NO NO 
 Return 7 3 NO  
1.02 Pre-injury 7 3 NO  
 Post-injury 7 3 NO NO 
 Return 7 3 NO  
1.04 Pre-injury 7 3 NO  
 Post-injury 7 3 NO NO 
 Return 7 3 NO  
1.06 Pre-injury 7 3 NO  
 Post-injury 7 3 NO NO 
 Return 7 3 NO  
1.08 Pre-injury 7 3 NO  
 Post-injury 7 3 NO NO 
 Return 7 3 NO  
 
 
 
Table 7.  Comparison Criteria for Location 2. 
Injected 
Density 
[g/cm3] 
Phantom 
Status 
Number of 
Visible 
Organs 
Number of 
Organs that Top-
Center Organ 
Touches 
Fluid Between Organ 
and Latex Scanning 
Membrane 
Fluid Pocket 
Merger 
1.00 Pre-injury 7 3 NO  
 Post-injury 6 3 YES NO 
 Return 7 3 NO  
1.02 Pre-injury 7 3 NO  
 Post-injury 6 3 YES NO 
 Return 7 3 NO  
1.04 Pre-injury 7 3 NO  
 Post-injury 6 3 NO NO 
 Return 7 3 NO  
1.06 Pre-injury 7 3 NO  
 Post-injury 5 3 YES NO 
 Return 7 3 NO  
1.08 Pre-injury 7 3 NO  
 Post-injury 7 3 YES NO 
 Return 7 3 NO  
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Table 8.  Comparison Criteria for Location 3. 
Injected 
Density 
[g/cm3] 
Phantom 
Status 
Number of 
Visible 
Organs 
Number of 
Organs that Top-
Center Organ 
Touches 
Fluid Between Organ 
and Latex Scanning 
Membrane 
Fluid Pocket 
Merger 
1.00 Pre-injury 7 3 NO  
 Post-injury 6 1 YES YES 
 Return 7 3 NO  
1.02 Pre-injury 6 3 NO  
 Post-injury 6 1 YES YES 
 Return 6 3 NO  
1.04 Pre-injury 6 2 NO  
 Post-injury 6 0 NO YES 
 Return 6 2 NO  
1.06 Pre-injury 7 3 NO  
 Post-injury 5 0 NO YES 
 Return 7 2 NO  
1.08 Pre-injury 6 3 NO  
 Post-injury 4 1 YES YES 
 Return 6 2 NO  
 
Qualitative scoring methods were developed based on the presence or absence of the 
listed criteria.  Several scoring methods were analyzed since the results depend on the 
choice of the numerical scores.  Each criterion’s score is given in Table 9.  The first 
method places more emphasis on the appearance of fluid between the scanning 
membrane and agar and fluid pocket mergers.  The second method emphasizes the 
decrease in the number of organs in each image and the number of organs that the top-
center organ is touching.  The last method uses the higher numerical values for each of 
the first two tests. 
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Table 9.  Qualitative Scoring Method for Differences Pre and Post Injury. 
Number of Organs (Number = Score) METHOD 
1 
2 
3 
7=0 
7=0 
7=0 
6=0.5 
6=1 
6=1 
5=1 
5=2 
5=2 
4=1.5 
4=3 
4=3 
Number of Organs Touching Top-Center
(Number = Score) 
1 
2 
3 
3=0 
3=0 
3=0 
2=0.5 
2=1 
2=1 
1=1 
1=2 
1=3 
0=1.5 
0=3 
0=3 
Fluid Between Latex and Agar 
(TRUE ? = Score) 
1 
2 
3 
NO=0 
NO=0 
NO=0 
YES=2 
YES=1 
YES=2   
Fluid Pocket Merger 
(TRUE ? = Score) 
1 
2 
3 
NO=0 
NO=0 
NO=0 
YES=2 
YES=1 
YES=2   
 
 
Based on the criteria score at each scanning location, a numerical value was assigned for 
the pre-injury, post-injury and a return to pre-injury condition.  Then, the difference 
between the score for the post-injury and pre-injury conditions was calculated.  The 
difference between these scores is reported in Table 10. 
 
Table 10.  Score Difference between Post-injury and Pre-injury Conditions at All 
Scan Location. 
Location Injected Fluid 
Density [g/cm3] 
Score 
Method (1, 2, 3) 
Location 1 1 0 0 0 
 1.02 0 0 0 
 1.04 0 0 0 
 1.06 0 0 0 
 1.08 0 0 0 
Location 2 1 2.5 2 3 
 1.02 2.5 2 3 
 1.04 0.5 1 1 
 1.06 3 3 4 
 1.08 2 1 2 
Location 3 1 5.5 5 7 
 1.02 5 4 6 
 1.04 3 3 4 
 1.06 6 6 8 
   1.08 6 6 8 
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Table 10 shows that the greatest qualitative difference between pre-injury and post-injury 
conditions occurred at location 3 for the 3 scoring methods.  The greatest difference 
between pre-injury and post-injury states occurred for an injected fluid density of 1.06 
and 1.08 g/cm3 at location 3.  Pre-injury and post-injury images of these two cases that 
scored the highest can be seen in Figure 75 and 76 along with the same fluid injection 
density conditions at location 1. 
 
       
(a)      (b) 
             
(c)      (d) 
 
Figure 75.  (a) Pre-injury and (b) Post-injury Ultrasound Images at Location 1 Compared 
to (c) Pre-injury and (d) Post-injury Ultrasound Images at Location 3 for an Injected 
Fluid Density of 1.06 g/cm3. 
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(a)       (b) 
     
(c)      (d) 
Figure 76.  (a) Pre-injury and (b) Post-injury Ultrasound Images at Location 1 Compared 
to (c) Pre-injury and (d) Post-injury Ultrasound Images at Location 3 for an Injected 
Fluid Density of 1.08 g/cm3. 
 
To statistically analyze the difference in scores, a non-parametric test must be used.  
These tests make no assumptions other than that the population is continuous.  The major 
advantage of this method is that it can analyze data that is categorical.   
 
Statistically, the difference between the pre-injury and post-injury scores at each location 
was compared using a Wilcoxon Rank-Sum Test.  This test assumes that there are two 
independent, continuous populations X1 and X2 (scores of two compared locations) with 
means μ1 and μ2 [30].  The distributions of X1 and X2 have the same shape and spread 
and differ only by location.  The Wilcoxon Test is used to test the hypothesis: 
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H0: μ1 = μ2 
H1: μ1 ≠ μ2 
 
This is done by arranging all n1 and n2 observations in ascending order and assigned 
ranks to them [30].  If two or more observations have the same value, the mean of the 
ranks that would have been assigned if they were different are used [30].   
 
Two parameters must be found: w1 and w2.  W1 is the sum of the ranks of the smaller 
sample and w2 is 
( )( )1 2 1 2
2 1
1
2
n n n n
w w
+ + += −       (41) 
Using a P-value of 0.05, for n1 = n2 = 5, the test statistic, w0.05 = 17 [30].  If either w1 or 
w2 is less than w0.05, H0 is rejected.  Appendix J gives detailed instructions for conducting 
this test. 
 
Three different scoring methods were used.  The value of w1 is the sum of rank of the 
first five scores for each test.  Table 11 shows a comparison of the first scoring method.  
The second scoring method is in Table 12.  The third and final scoring method is shown 
in Table 13. 
 
Table 11.  Wilcoxon Sum-Rank Test for First Scoring Method. 
Location 1 vs. Location 2 Location 1 vs. Location 3 Location 2 vs. Location 3 
Location 
# 
Score Rank Location 
# 
Score Rank Location 
# 
Score Rank 
2 0.5 1 2 0.5 1 2 0.5 1 
2 2 2 2 2 2 2 2 2 
2 2.5 3.5 2 2.5 3.5 2 2.5 3.5 
2 2.5 3.5 2 2.5 3.5 2 2.5 3.5 
2 3 5.5 2 3 5.5 2 3 5.5 
3 3 5.5 3 3 5.5 3 3 5.5 
3 5 7 3 5 7 3 5 7 
3 5.5 8 3 5.5 8 3 5.5 8 
3 6 9.5 3 6 9.5 3 6 9.5 
3 6 9.5 3 6 9.5 3 6 9.5 
w1 40  40  39.5 
w2 15  15  15.5 
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Table 12.  Wilcoxon Sum-Rank Test for Second Scoring Method. 
Location 1 vs. Location 2 Location 1 vs. Location 3 Location 2 vs. Location 3 
Location 
# 
Score Rank Location 
# 
Score Rank Location 
# 
Score Rank 
1 0 3 1 0 3 2 1 1.5 
1 0 3 1 0 3 2 1 1.5 
1 0 3 1 0 3 2 2 3.5 
1 0 3 1 0 3 2 2 3.5 
1 0 3 1 0 3 2 3 5.5 
2 1 6.5 3 3 6 3 3 5.5 
2 1 6.5 3 4 7 3 4 7 
2 2 8.5 3 5 8 3 5 8 
2 2 8.5 3 6 9.5 3 6 9.5 
2 3 10 3 6 9.5 3 6 9.5 
w1 40  40  39.5 
w2 15  15  15.5 
 
Table 13.  Wilcoxon Sum-Rank Test for Third Scoring Method. 
Location 1 vs. Location 2 Location 1 vs. Location 3 Location 2 vs. Location 3 
Location 
# 
Score Rank Location 
# 
Score Rank Location 
# 
Score Rank 
1 0 3 1 0 3 2 1 1 
1 0 3 1 0 3 2 2 2 
1 0 3 1 0 3 2 3 3.5 
1 0 3 1 0 3 2 3 3.5 
1 0 3 1 0 3 2 4 5.5 
2 1 6 3 4 6 3 4 5.5 
2 2 7 3 6 7 3 6 7 
2 3 8.5 3 7 8 3 7 8 
2 3 8.5 3 8 9.5 3 8 9.5 
2 4 10 3 8 9.5 3 8 9.5 
w1 40  40  39.5 
w2 15  15  15.5 
 
 
The values of w1 and w2 were found to be the same for all scoring techniques.  The value 
of w2 was less than the w0.05 test statistic.  The null hypothesis H0 can then be rejected 
and concluded that there is a qualitative difference between analyzed locations based on 
the criteria and scoring method used to define a difference. 
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5.1.1.  Other Qualitative Differences 
 
The differences in the intensity of the entire image resulted from differing amounts of 
ultrasound gel that were applied to the scanning membrane.  There may have not been 
enough gel applied to cases such as the pre-injury conditions for locations 1 and 3 given 
its dark appearance. 
  
Some ultrasound images, especially for the images collected at location 2, had an organ 
perimeter that appeared white.  Within the phantom, the white boundary is the latex 
membrane (condom) surrounding the TMM.  This aspect of the phantom is actually 
beneficial to a physician using this as a training device.  Organs do have this same 
characteristic for normal conditions (Figure 77).  Also, similar to a post-injury condition 
in humans, the bright outline is degraded to a degree.  This same feature is seen in the 
injury mimicking phantom as well.   
 
        
(a)     (b) 
 
Figure 77: (a) Normal and (b) Positive Morison’s Pouch [17] 
 
Within the phantom, there were four materials present: latex, water, agar and air.  The 
brightness is a result of the difference in densities between two interfacing materials.  
Ultrasonically, the bright outline appeared between at water-latex and latex-agar 
boundaries.  The densities listed for each material show that there is quite a difference 
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between the densities of these interfacing materials and are likely to appear bright in an 
ultrasound image. 
 
Table 14.  Properties of Materials Present in Injury Mimicking Phantom. 
Material Density [g/cm3], ρ Speed of Sound [m/sec], c Acoustic Impedance  
[Pa-sec/m], Z= ρc 
Latex 1.23 4400 5.412*106 
Water 1.00 1496 1.496*106 
Agar 1.045 1551 1.621*106 
Air 0.001168 354 413.5 
  
 
5.1.2.  Ultrasound Image Comparison 
  
In section 1.1., the influence that the center frequency of transducer has on the 
image resolution was discussed.  Also, from Eq. 17 of Section 2.3.2., the attenuation of 
the ultrasound image was shown to be proportional to the center frequency of the 
ultrasound transducer and the depth that scanning occurs.  As a result, the deeper the 
ultrasound signal penetrates into a material with similar properties to tissue, the lower the 
probability those small regions will be able to be resolved.  Figure 78 illustrates a 
comparison between ultrasound images of the injury mimicking ultrasound phantom and 
an actual scan on the human body.   
 One immediate difference is that there is a volume of fluid (black) in (a).  It 
cannot be determined if a volume of fluid exists in the scan on the human body.  The 
injury mimicking phantom also seems to be able to resolve boundaries between mating 
structures better than what can be rendered by imaging the human body in (b).  In the 
scan of the human body, there is dark region of the signal near the bottom cusp of the 
image.  It is not know if this is caused by attenuation effects or if a large fraction of the 
signal is being transmitted.  The injury mimicking phantom is able to resolve images 
better simply because it uses a homogenous material, whereas in a human, there is a large 
range of physical properties (sound speed, density and attenuation) that can be found 
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within a small region.  From Eqs. 7 through 16 in Section  2.3.2., the transmission and 
reflection of the ultrasound image is proportional to properties of the material that it is 
propagating through (density, speed of sound and bulk modulus).  For regions with many 
different types of tissue, a large portion of the signal may be reflected or transmitted at 
every interface between two different materials.  
 One similarity between the two images is that there appears to be a loss of 
resolution as the depth of scanning increases.  In the Figure 78 (a), the image becomes 
more blurred the deeper the signal goes.  The same phenomenon occurs in the scan on a 
person (Figure 78 (b)). 
 The injury mimicking ultrasound phantom is much more useful for observing 
definite boundaries between fluid and solid domains.  If in humans, regions were to be 
segmented, the boundary conditions that will be used to define the snake evolution within 
ITK-SNAP must be carefully chosen to avoid incorrectly estimating a volume of fluid. 
         
Figure 78.  Comparison of (a) Injury Mimicking Ultrasound Phantom and (b) Liver 
Tissue of Author. 
 
 
5.2.  Inter-organ Volume Reconstruction Analysis 
 
The first immediate difference in the fluid reconstructions seen in Figure 56 is that the 
post-injury scenario appears to have ascending fluid pockets.  As mentioned in section 
3.5, the transducer head had to be moved in the +z direction with every full turn of the 
Vecta position handle to prevent excessive penetration into the scanning membrane.  
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Even if the transducer were able to move along the contour of the curved scan plane in 
the post-injury condition, the curvature would likely still be present since the depth of the 
inter-organ fluid pockets would increase slightly. 
 
In sections 2.2 and 2.2.1, it was stated that the amount of fluid needed to reliably detect a 
positive Morison’s Pouch and Douglas Pouch was a minimum of 40 mL and 10 mL 
respectively.  For the post-injury cases, the fluid volume required for observing the 
Douglas Pouch was achieved.  Enhanced segmentation algorithms will need to be created 
to allow estimation of more inter-organ fluid pockets. 
 
Segmenting and analyzing other inter-organ pockets within the fluid domain was not 
achievable with the images that were collected, the image edge filtering technique used 
and the snake evolution parameters set within ITK-SNAP.  Figure 79 shows a 
preprocessed image of the bottom fluid pockets using the same image edge filter used for 
volumetric analysis of the top two fluid pockets.  The bottom fluid volumes were not 
estimated because there was not a combination of segmentation and snake evolution 
parameters that was able to provide a clear delineation between fluid and solid domains.  
Better results could perhaps be obtained if a transducer with a higher frequency was used.  
In section 2.3.2, it was shown that as the ultrasound wave travels further into a media, a 
higher magnitude of attenuation and loss of image resolution is experienced.  The 
problem of resolving the features near the bottom is a balance of the attenuation based on 
the scanning depth, frequency, resolution degradation of lower frequencies and the 
reflection and transmission coefficient of the interfacing materials.   
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Figure 79.  Preprocessed Image of Fluid Pockets Near the Bottom of the Ultrasound 
Image Illustrating the Non-uniform Filtering Capability Based on Depth of Scanning and 
Focus Settings of the Ultrasound Transducer (shown in red circles). 
 
5.2.1.  Injected Fluid Volume Accumulation 
 
In the experimental phantom, the internal organs were stacked on one another creating 
distinct rows and packed tightly against the latex scanning membrane.  When the 
additional fluid volume was injected, the organs on the top row now were no longer 
constrained by the latex scanning membrane.  As the latex membrane expands, a large 
portion of the injected fluid occupied the new space.  However, the organs on the top 
row, where the inter-organ fluid pockets were analyzed, did not completely separate 
because they were denser than the injected fluid.  The density of the agar organs is 1.045 
g/cm3, denser than the fluid that is present in a pre-injury condition and for the mixture of 
injected fluid and pre-injury fluid.  There was a noticeable degree of separation of the 
organs, but there were still points of contact between adjacent organs.  Figure 80 (b) 
shows the ultrasonic image of the phantom at the location of greatest displacement for the 
post-injury condition.   
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(a)      (b) 
 
Figure 80.  Illustration of Fluid Preferential Accumulation of Injected Fluid for (a) Pre-
injury and (b) Post-injury Conditions. 
 
There is a fluid volume above the ‘organs’ on the top row in the post-injury condition.  A 
similar situation occurs in humans.  There is a well defined fluid pocket above the liver in 
Figure 76. 
 
5.2.2.  Statistical Analysis of Reconstructed Fluid Volumes 
 
Two statistical tests were conducted to test the following statements: 
 
1. The inter-organ fluid volume change from a pre-injury to a post-injury 
stage is dependent on the density of the injected fluid volume. 
2. There is a statistical difference between the inter-organ volume 
estimations of the: a) pre-injury and post-injury conditions and b) the post-
injury and a return to pre-injury condition.  The inter-organ volume 
difference between the pre-injury and a return to a pre-injury condition are 
insignificant. 
 
To analyze the first statement, a Chi-Square test was performed.  This test investigates 
whether a variable, here the fluid injection density, has an effect on the inter-organ 
volume increase from a pre-injury to a post-injury condition. 
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The second statement uses a T-test.  This test investigated based on the findings of the 
first test, whether or not there was indeed a statistical difference between the inter-organ 
volume estimated for the a) pre-injury versus post-injury condition, b) post-injury versus 
a return to pre-injury condition and c) pre-injury versus a return to pre-injury status.  The 
percent confidence that each result true will be found.  A P-value of 0.05 is used as the 
basis for determining significance. 
 
5.2.2.1.  Statistical Significance of Injected Post-injury Fluid Density on Inter-Organ 
Volume Increases 
 
A fundamental portion of the experimental analysis looked to determine if the injected 
fluid density had any effect on the change in the inter-organ fluid volumes.  To 
statistically analyze this, the X02 test was used.  X02  is given by (Eq. 42) [30]. 
( )22
0
1
k
i i
i i
O E
E=
−Χ =∑      (42) 
 
where: 
 
X02 – Chi-Squared test statistic 
Oi – observed quantity 
Ei – expected quantity 
 
The process of calculating the X02 parameter can be seen in Appendix K.  The test 
hypothesis is: 
 
H0: Density of Injected Fluid Affects Inter-organ Volume Increases 
 
To determine whether or not the null hypothesis that the density is influences the change 
in inter-organ volume spacing, a reference X02 value must be found.  The degrees of 
freedom must be found first.  For this test the degrees of freedom are 
( )( )1 1C Rν = − −         (43) 
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where: 
 
ν – degrees of freedom 
C – number of columns 
R – number of rows 
 
This test uses C = 5 (number of different fluid injection densities) and R = 2 (number of 
compared injury conditions), giving ν = 4 [30].  Using the calculations in Appendix K, a 
value of 20 1.17Χ =  was found.   
 
To show that the inter-organ volume increase is dependent of the injected fluid volume, 
Eq. (44) must be satisfied 
2 2
, 0α νΧ < Χ          (44) 
The percent confidence that the density influences the inter-organ volume change is near 
11.7% (P-value = 0.0883).  It can be concluded that the injected fluid density has no 
effect on the inter-organ volume change. 
 
5.2.2.2.  Statistical Difference between: 1) Pre-injury and Post-Injury Conditions, 2) Post- 
Injury and a Return to Pre-injury Conditions and 3) Pre-injury and a Return to 
Pre-injury Conditions 
 
The inter-organ fluid volumes analyzed showed little dependence on the injected fluid 
volume density.  Statistical analysis was further performed to determine if there is a 
difference between the pre-injury and post-injury fluid volumes, the post-injury and 
return to pre-injury fluid volumes and the pre-injury and return to pre-injury volumes.  A 
one tailed T-test analysis can analyze if two test conditions are different based on the 
means, standard deviations and number of samples for each test case. 
For T-test analysis the following equations are used: 
0 22
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        (45) 
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where: 
 
ix  - the mean of the i
th fluid volume test 
jx  - the mean of the j
th fluid volume test 
is - the standard deviation of the i
th fluid volume test 
js - the standard deviation of the j
th fluid volume test 
in - the number of samples in the i
th fluid volume test 
jn - the number of samples in the j
th fluid volume test 
 
 
Equation 45 was used to estimate the degrees of freedom rather than the n1+n2 - 2 
criterion because the number of samples for each test is rather small.  If the number of 
samples in each test is less than 40, the distribution of the data is assumed to be normal 
given that the variance of the data set is not well known [30]. 
 
The test hypotheses for this test are: 
H0: i jx x−  = 0 
H1: i jx x−  ≠ 0 
 
Table 15 gives the values needed for t-test analysis calculated from data in table 20. 
 
Table 15: T-test Parameters for Injury Mimicking Phantom Fluid Volumes 
Statistical Parameter Pre-injury Post-injury Return to Pre-injury 
Average [mL] 5.36 12.21 4.61 
Standard Deviation [mL] 1.16 2.68 1.11 
Samples 5 5 5 
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Table 16 gives the values for T0, ν and α for each test condition found from equations 
(52) and (53) using the procedure outline in Appendix L.  The null hypothesis can be 
rejected if t0 < tα,ν.  The level of significant acceptance was for a P-value < 0.05. 
 
There is a 99.96% confidence level (P-value = 0.0004) that the null hypothesis can be 
rejected.  This indicates that there is a difference between the pre-injury and post-injury 
configurations of the injury mimicking phantom assuming that the density of the injected 
fluid volume has no effect on the inter-organ volume increases.  There is a lower 
probability, 79% (P-value = 0.21), that the pre-injury and the return to a pre-injury 
condition are different.  The null hypothesis is accepted in this case and the two different 
pre-injury conditions are assumed to be the same. 
 
Table 16.  Statistical Difference between Different Trauma States of the Injury 
Mimicking Ultrasound Phantom (* not significant). 
Statistical Parameter Pre-injury & Post-
injury 
Post- injury & 
Return to Pre-injury 
Pre-injury & Return 
to Pre-injury 
t0 5.25 5.86 0.917 
Ν 7.70 (~8) 4.91 (~5) 3.34 (~3) 
α  0.0004 (99.96%) 0.0011 (99.89%) 0.2102 (78.98%)* 
 
The results obtained from statistical analysis disproved the hypothesis that the density of 
the injected fluid volume influences the change in inter-organ fluid volume from a pre-
injury to a post-injury state.  To at least 99.96% confidence, there is a quantitative 
difference between the calculated inter-organ fluid volume between a pre-injury and post-
injury condition.  This is exactly what the injury mimicking phantom was designed to 
exhibit. 
5.2.3.  Potential Errors in Volume Estimations 
 
The method that ITK-SNAP uses to estimate volumes of specific portions of geometry 
has a degree of uncertainty associated with it.  As seen in the upper left portion of Figure 
81, it appears that some voxels that are not within the fluid volume, but actually a part of 
the agar organ domain, are being included in the estimation of the fluid volume. 
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Figure 81.  Illustration of Over-Estimating Volume. 
 
There are several potential sources for this problem.  The most obvious is that the 
ultrasound wave was simply unable to identify a clear boundary between the two 
domains.  The attenuation and subsequent loss of resolution may have degraded the 
signal such that it could not see the sharp boundary. 
 
The image edge filtering parameters that were selected also may have contributed to a 
poor voxel intensity gradient within ITK-SNAP.  If these control parameters are changed, 
the gradient of the image intensity at the boundary may be enhanced.  Figure 81 shows 
such an example.  The bottom row of images shows the actual image edge filter gradient 
that was used to control the voxels that are included within the fluid volume. 
 
In Figure 82 (a), the image edge filter was set so that a high image intensity gradient was 
achieved.  Figure 83 (c) has a gradual increase in the image edge gradient.  The gradient 
directly influences the different ‘forces’ (expansion, edge detail and advection) required 
to iteratively approach the boundary.  Upon initial inspection, it would appear that Figure 
82 (a) would be the best image edge filtering technique.  Taking a closer at a specific 
fluid pocket, seen in Figure 83 (a), it can be seen that the interior portion is not entirely 
uniform in intensity.  The color of the boundary is not uniformly defined either.  The 
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boundary color ranges from near black to gray seen similar within the bulk of the fluid 
domain.  The balloon force required to approach the portions of the boundary that appear 
black is greater than the force required to reach the boundary with a lighter boundary.  
Too high of an expansion force will cause the snake evolution to spill out of the fluid 
boundary and into the solid domain.  Once this happens, it is impossible to restrict the 
flow into other regions.  This could cause a gross misrepresentation of the actual fluid 
volume present. 
 
Essentially, the opposite scenario occurs for Figure 83 (c).  Here, the boundary is not 
defined well enough.  The balloon force must be set to a relatively low value and the 
advection force set to a relatively high value.  But, there are portions, particularly on the 
right side of the fluid domain that have the same image intensity within the solid domain 
where there is no clear demarcation of a boundary.  Once the snake evolution disperses 
into a non-fluid domain, it is impossible to remove it from the overall included volume. 
 
Figure 83 (b) represents what was used.  However, as indicated in earlier figures, there 
still is a degree of spillover into non-fluid domains.  These errors are very hard to control. 
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                        (a)               (b)             (c) 
Gaussian Blurring = 1.00      1.00           1.00 
Edge Contrast = 0.05      0.10           0.15 
Edge Mapping Exponent = 1.5    2.00          2.50 
 
 
Figure 82.  Illustration of Different Image Edge Filtering Parameter Values and Gradient 
Applied to Voxels for Different Edge Filter Parameters. 
 
         
                   (a)                                              (b)                                             (c) 
 
Figure 83.  Close-up Analysis of Inter-organ Fluid Volume from Images in Figure 82. 
 
The uncertainty and error in the calculated volumes by ITK-SNAP is unknown.  It may 
vary from case to case or for different densities.  Statistically, the degree that the pre-
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injury volume was overestimated versus the degree that the post-injury volume was 
underestimated can be analyzed.  Using the same T-test parameters, it was found that if 
the pre-injury volume was underestimated by 25% and if the post-injury volume was 
overestimated by 25%, the difference between the two states would still be statistically 
significant.  The parameters were calculated by multiplying the actual pre-injury volume 
by 125% and the post-injury volume by 75%.  Table 17 shows the statistic parameters 
obtained using this analysis. 
 
Table 17.  Statistical Significance of a 25% Underestimated Pre-injury Volumes and 
a 25% Overestimated Post-injury Volume (*not significant). 
Statistical Parameter Pre-injury & Post-
injury 
Post- injury & 
Return to Pre-injury 
Pre-injury & Return 
to Pre-injury 
T0 1.946 3.10 0.709 
Ν 6.72 (~7) 5.49 (~5) 5.17 (~5) 
α  0.0472 (95.28%) 0.0118 (98.82%) 0.2545 (74.55%)* 
 
 
The actual numbers for the inter-organ fluid volume may not have a high degree of 
importance to medical personnel.  Given that the FAST exam performed with this 
phantom is designed be completed within three minutes, the interest in knowing actual 
volume values is not as important as strictly being able to detect a qualitative difference 
between different states of trauma. 
 
5.3.  Evaluation by Medical Personnel 
 
On November 3rd, 2006, the injury mimicking ultrasound phantom was part of a hands-on 
demonstration for an ultrasound in emergency short course.  The course was organized by 
Vicky Noble, MD, from Mass General Hospital in Boston, MA.  The event was held at 
the Harvard Medical School in Boston, MA. 
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A table was set up that demonstrated the capabilities of the injury mimicking phantom in 
conjunction with a Terason 2000 enabled laptop.  Physicians from various institutions, 
corporate representatives and students were able to inspect the injury mimicking phantom 
and offer feedback as to what they thought about it and if there were any improvements 
that they would like to see.  
     
 
Figure 84.  Hands-on Demonstration of Injury Mimicking Ultrasound Capabilities. 
 
 
5.3.1.  Feedback 
 
Overall, everyone who examined the phantom was impressed.  Many were curious about 
the materials that were used to make the phantom.  Of all the features, the ability to inject 
and remove fluid was something that everyone was very excited about.  There were 
requests for the injury mimicking ultrasound phantom to be brought to other hospitals 
and medical schools so that others may get a close look as well.  Many physicians 
commented on how they liked the feel of the phantom, where it seemed that the imaging 
was taking place on the skin of a patient rather than just a soft membrane that had no 
mechanical properties similar to tissue.  They also liked the size of the design and the fact 
that it only weighed between 15-20 lbs rather than the nearly hundred pounds for other 
trauma simulating devices.   
 
There was one effect that several physicians observed that they were particularly fond of.  
During the injection of fluid, several physicians were actually able to see the fluid being 
 130
injected.  Tiny bubbles could be seen plainly on the ultrasound image.  Many physicians 
were excited about this and said that they had only seen it clinically a few times in their 
careers in practice.  They thought that this particular aspect would be most beneficial for 
training purposes. 
 
Another interesting observation was made by one doctor.  During one test when fluid was 
being injected, a small amount of air was included with the injected fluid volume.  The 
air went to the location on the phantom with the greatest scanning membrane deflection.  
The physician stated that the phantom would be useful to investigate the effects of air 
pockets within the pericardium or on the inside portion of the abdominal wall.  The 
degradation of the ultrasound signal when the waves passed through the small pocket of 
air was clearly visible. 
   
Another suggestion by some physicians for the injury mimicking phantom was to use this 
device as a means of detecting if there had been any surgical tools, gauze or accidentally 
inserted items left in the body after a surgery.  They liked the fact that there was a door 
that allowed for quick removal or insertion of differing types of materials and foreign 
bodies into the phantom. 
 
5.3.2.  Recommendations for Design Improvement 
 
One of the first questions that many physicians asked was, “Which side is the head?”  An 
explanation was given that it was really independent at this point because there were no 
anatomically accurate shapes inside, only an acoustic representation of tissue in 
cylindrical shapes.  Many thought it would be useful to insert at least a liver and kidney 
shaped phantom inside in order to model Morison’s Pouch since that is one of the first 
locations that is imaged during the FAST exam. 
 
Another suggestion was to replace the latex rubber distensible membrane with a self 
sealing material.  Some physicians wanted to be able to use the phantom to practice 
inserting needles for performing biopsies on patients. 
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5.4.  Numerical Modeling Results 
 
Figures 62, 63, and 64 show the z-velocity profile at the center of the ultrasound phantom 
at 5, 25, and 45 seconds respectively.  The profile at the center was investigated so that 
the velocity effects near the inlet jet of the phantom could be avoided and the influence of 
the injected fluid velocity in the bulk of the phantom analyzed.  Table 18 gives the 
relative maximum values for each of the four test cases with respect to the organ density 
(1.045 g/cm3). 
 
During fluid injection the flow field has the same appearance.  The location of greatest 
absolute maximum and minimum fluid velocities are identical.  However, the absolute 
values of the maximum and minimum z-velocities are higher for the injected fluid that 
has a much higher density compared to pre-injury fluid.  But, once the flow is turned off, 
the injected fluid that is lighter than the organs has the highest velocity. 
 
Table 18.  Maximum z-direction Velocities at the Center of the Phantom at Different 
Times from Figures 62, 63 and 64. 
Maximum 
z-velocity 
[in/sec] 
    
Time[sec] 
Fluid Less 
Dense 
Than Organs 
(1.02 g/cm3) 
Fluid Density 
Equal 
to Organs 
(1.045 g/cm3) 
Fluid Denser
than Organs
(1.06 g/cm3)
Fluid Much 
Denser than 
Organs 
(1.50 g/cm3) 
5 5.29E-03 5.30E-03 5.30E-03 5.50E-03 
25 4.72E-03 4.70E-03 4.70E-03 4.87E-03 
45 2.32E-05 8.64E-06 8.79E-06 1.24E-05 
 
A possible explanation for the difference between the z-velocity magnitudes may come 
from analyzing the terminal velocities of the injected fluid.  The typical gap size between 
adjacent phantoms was approximately 0.4”.  To avoid any boundary or container effects, 
individual fluid particles were assumed to be spherical in shape up to 10% of the typical 
gap size.  The pre-injury fluid was assumed to have a density of 1.00 g/cm3, the organs 
were assumed to have a density of 1.045 g/cm3.  The fluid injection density was varied to 
investigate the effect that the pre-injury to injected fluid density difference would have on 
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the terminal settling velocity of fluid spheres with different diameters.  Using Eqs. 24 
through 29, the following terminal velocities were found for an injected fluid density that 
are less dense that organs (1.02 g/cm3), equal to the density of organs (1.045 g/cm3), 
more dense than organs (1.06 g/cm3) and much more dense than organs (1.50 g/cm3). 
 
Table 19.  Terminal Velocities [in/sec] for Different Spherical Fluid Particle 
Diameters and Fluid Injection Densities, 
Fluid Sphere 
Diameter [in] 
Less than 
Organs 
(1.02 g/cm3) 
Equal to Organs 
(1.045 g/cm3) 
Heavier than 
Organs 
(1.06 g/cm3) 
Much 
Heavier than 
Organs 
(1.50 g/cm3) 
0.005 8.89E-06 3.02E-05 4.64E-05 0.00122 
0.01 0.000069 0.000229 0.000350 0.00770 
0.02 0.000494 0.00154 0.00229 0.0383 
0.03 0.00144 0.00425 0.00618 0.0891 
0.04 0.00293 0.00829 0.0119 0.157 
 
 
As expected, the larger the difference between the fluid injection and pre-injury fluid 
density there is, the greater the terminal velocity.  This was is not what was observed with 
the ADINA model.  ADINA indicates that the reverse scenario is true, that the lighter 
fluid still has a higher velocity.  This could be an indication that pressure driven effects 
are still dominating rather than density driven effects.   
 
The effect of the injected fluid density is very difficult to analyze looking solely at the 
contour plots and maximum displacement values presented in Figures 65, 66 and 67. 
Instead, the displacements were analyzed by looking at the magnitude that the tip of each 
phantom closest to the wall where fluid was injected deflected.  The phantoms were 
labeled 1 through 9 from left to right starting at the bottom row (Figure 85).  The 
momentum effects that each injected fluid has can be analyzed since an equivalent 
volume was injected over the same time period irregardless of the injected fluid density. 
 133
 
 
Figure 85.  Labeling Method for Numerically Modeled Organs. 
 
Tables 20 through 24 show the displacement of the tips of these phantoms closest to the 
front wall at t = 5, 25 and 45 seconds for each fluid injection density.  At t = 5 sec, there 
does not appear to be any correlation between the injected fluid density and the 
displacement that the tips experience.  There are some cases when the least dense 
injection fluid causes the largest displacement and vice versa.  
 
At t = 25 seconds, the two phantoms closest to the point of injection (1 and 2) indicate 
that there is an equal or greater displacement magnitude as the injected fluid density 
becomes higher.  At this point in the simulation, fluid is still being injected.  The 
momentum of the denser fluids caused the phantoms closest to the inlet point to displace 
more.  Shortly after this simulation time, the fluid flow was shut off.  The fluid diffused 
throughout the phantom for an additional 25 seconds. 
 
At t = 45 seconds, the densest injected fluid had a small increase tip displacement 
magnitude compared to less dense fluid injection simulations.  The injected fluid had 
even more time to diffuse.  The pressure driven effects left over from the injection stage 
caused the tips of the phantom displace slightly more for fluids with a higher density than 
in other cases.  The difference between the ‘much denser’ and ‘less than’ simulations was 
1 
2 3
4
5
6 7
8 9
 134
only 2.9%, but still illustrates the effect that a more dense material has on the solid 
objects it encounters.   
Statistical analysis using a two factor F-test indicated the results were not significantly 
different.  Detailed calculations for this test can be seen in Appendix M.  A P-value of 
0.05, with degrees of freedom ν1 and ν2 of 3 and 6 respectively, gives a f0.05,3,6 = 4.76.  
The null hypothesis states that the average phantom tip displacement is the same for all 
fluid injection density simulations.  The average displacement for all phantoms at the 
three separate times were compared for the four different fluid injection densities.  
Following the analysis procedure in Appendix M, resulted in f0 = 4.73.  Since f0 <  f0.05,3,6 
the null hypothesis was accepted.  The average displacement of the phantom tips is not 
significantly dependant on the density of the injected fluid. 
 
Table 20.  Tip Displacement [in] for 'Lighter than Organs' Simulation. 
Phantom 
Number 
5 seconds 25 seconds 45 seconds 
1 7.46E-03 2.53E-02 3.45E-02 
2 3.96E-02 2.53E-01 2.75E-01 
3 1.36E-02 8.05E-02 8.59E-02 
4 4.25E-03 2.13E-02 2.15E-02 
5 2.90E-02 1.61E-01 1.61E-01 
6 1.31E-02 7.15E-02 7.58E-02 
7 8.38E-03 4.99E-02 5.41E-02 
8 1.20E-02 5.16E-02 4.57E-02 
9 7.54E-03 2.90E-02 2.63E-02 
Average 1.50E-02 8.26E-02 8.66E-02 
 
Table 21.  Tip Displacement [in] for ‘Equal to Organs' Simulation. 
Phantom 
Number 
5 seconds 25 seconds 45 seconds 
1 6.68E-03 2.73E-02 3.53E-02 
2 4.16E-02 2.59E-01 2.77E-01 
3 1.38E-02 8.13E-02 8.60E-02 
4 4.19E-03 2.14E-02 2.15E-02 
5 2.96E-02 1.60E-01 1.59E-01 
6 1.29E-02 7.19E-02 7.62E-02 
7 8.52E-03 5.07E-02 5.43E-02 
8 1.11E-02 4.91E-02 4.49E-02 
9 7.05E-03 2.80E-02 2.62E-02 
Average 1.50E-02 8.32E-02 8.67E-02 
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Table 22.  Tip Displacement [in] for ‘Heavier than Organs' Simulation. 
Phantom 
Number 
5 seconds 25 seconds 45 seconds 
1 6.64E-03 2.74E-02 3.53E-02 
2 4.17E-02 2.59E-01 2.77E-01 
3 1.38E-02 8.14E-02 8.60E-02 
4 4.19E-03 2.14E-02 2.15E-02 
5 2.96E-02 1.60E-01 1.59E-01 
6 1.29E-02 7.19E-02 7.62E-02 
7 8.53E-03 5.08E-02 5.43E-02 
8 1.11E-02 4.90E-02 4.49E-02 
9 7.02E-03 2.80E-02 2.62E-02 
Average 1.51E-02 8.32E-02 8.67E-02 
 
Table 23.  Tip Displacement [in] for ‘Much Heavier than Organs' Simulation. 
Phantom 
Number 
5 seconds 25 seconds 45 seconds 
1 6.65E-03 2.93E-02 3.91E-02 
2 4.16E-02 2.62E-01 2.82E-01 
3 1.40E-02 8.34E-02 8.88E-02 
4 4.23E-03 2.16E-02 2.17E-02 
5 3.02E-02 1.66E-01 1.66E-01 
6 1.29E-02 7.16E-02 7.62E-02 
7 8.56E-03 5.16E-02 5.58E-02 
8 1.14E-02 5.11E-02 4.66E-02 
9 7.12E-03 2.78E-02 2.58E-02 
Average 1.52E-02 8.49E-02 8.91E-02 
 
Table 24.  Comparison of Average Tip Displacements [in] as a Function of Time and 
Injected Fluid Density. 
Simulation Case 5 seconds 25 seconds 45 seconds 
Less Dense than Organs 
(1.02 g/cm3) 1.50E-02 8.26E-02 8.66E-02 
Density Equal to Organs 
(1.045 g/cm3) 1.50E-02 8.32E-02 8.67E-02 
Denser than Organs 
(1.06 g/cm3) 1.51E-02 8.32E-02 8.67E-02 
Much Denser than Organs 
(1.50 g/cm3) 1.52E-02 8.49E-02 8.91E-02 
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Figures 68, 69 and 70 show the mass ratio profile near the front wall.  The mass ratio is 
an expression of the space that an injected fluid species occupies with respect to the 
mixture of the injected fluid and pre-injury fluid present prior.  This location was chosen 
because it was near the plane that had the greatest organ displacement.  The mass ratio 
contour appears nearly identical for each test case at every time.  The maximum value of 
the mass ratio occurs at the same location for each test case at the same time analyzed.  
However, the fluid that was much heavier has a lower mass ratio than the other cases.  
This can be attributed to the greater displacement of the organs experienced during the 
injection of the heavier fluid.  The greater the displacement of the organs in a region, the 
larger the volume the injected fluid has to occupy.  Therefore, the injected fluid will 
occupy a slightly smaller fraction of the volume.  This causes the mass ratio to be slightly 
smaller.   
 
Similar to analyzing the displacement of the tip of the phantom at different time steps, f-
test analysis was also used to find if there is a statistical difference between the maximum 
mass ratio based on the injected fluid density.  The tested null hypothesis states that the 
maximum mass ratio is at each time analyzed is the same for all fluid injection density 
simulations.  Appendix N follows the outline set in Appendix M.  A P- value < 0.05 with 
degrees of freedom ν1 and ν2 of 3 and 6 respectively, gives f0.05,3,6 = 4.76, was used to test 
for significant differences.  With the values found in Appendix N, a test statistic of f0 = 
11.4 was found.  Since f0 > f0.05,3,6 the null hypothesis was rejected.  At least one of the 
tested cases is different from the others. 
 
It is suspected, from the rejection of the null hypothesis, that the much denser injected 
fluid, was one case that is different resulting from the rejection of the null hypothesis.  
Analyzing only the ‘less than organs’, ‘equal to organs’ and ‘heavier than organs’ case 
with an f-test analysis, yields  f0 = 1.  This value is less than the test statistic f0.05,2,4  = 
6.94.  The results of this test indicate that the ‘much heavier than organs’ simulation has 
different mass ratio properties. Table 26 illustrates which tests were compared against 
each other and whether or not there is a significant difference between the maximum 
mass ratio for at least one test case (rejection of null hypothesis).  All statistical tests 
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conducted that include the ‘much heavier than organs’ case indicated a statistical 
difference between at least one of the simulations. 
 
Table 25.  Comparison of Maximum Mass Ratios at for Different Fluid Densities 
Near the Front Wall. 
Maximum Mass 
Ratio 
    
Time [sec] Less than Organs
(1.02 g/cm3) 
Equal to 
Organs 
(1.045 g/cm3)
Heavier than 
Organs 
(1.06 g/cm3)
Much Heavier 
than Organs 
(1.50 g/cm3) 
5 0.421 0.420 0.420 0.417 
25 0.449 0.449 0.449 0.446 
45 0.389 0.389 0.389 0.382 
 
Table 26.  F-test Conclusions for Maximum Mass Ratio Differences Based on 
Injected Fluid Density Simulation Comparisons. 
Compared 
Simulations f0 f α,ν1, ν 2 
Significant 
Difference?
All 11.4 4.76 YES 
1.02, 1.06 and 
1.50 g/cm3 12.2 6.94 YES 
1.02, 1.045 and 
1.06 g/cm3 1 6.94 NO 
1.045, 1.06 and 
1.50 g/cm3 10.56 6.94 YES 
 
5.4.1.  Answers to Questions Posed in Section 3.7.1.5 
 
Extracting a time constant based on the transition from a momentum driven to a density 
driven flow is difficult.  However, all the injected fluid will eventually dissipate and settle 
to a lower region.  The mass ratio is an expression of well the fluid has dispersed 
throughout the fluid domain.  Assuming that the initial concentration occurs at t = 25 sec 
and decays exponentially from that point, a two point time constant can be extracted for 
each case presented in Table 21. 
0 exp
tτφ φ −=      (47) 
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25sec
45sec
20sec
ln
τ φ
φ
−= ⎛ ⎞⎜ ⎟⎝ ⎠
     (48) 
As expected, the much heavier fluid requires less time to disperse compared to the other 
injection fluid densities.  The mass ratio for when the fluid has become dispersed 
uniformly throughout the entire domain for all cases is 0.0507.  Table 23 also shows the 
time required to reach this amount using the time constants presented in the row above it. 
According to this analysis, the numerical simulation would have to run for about 300 
seconds after the fluid flow has been shut off (total of ~325 seconds).  To solve up to 50 
seconds requires 70 hours to complete.  The computer that was used for the numerical 
modeling would require approximately 455 hours (~19 days) to solve for each test case.  
The analysis can be enhanced by using a state of the art computer.  Another way of 
potentially speeding the solve time is to change the boundary conditions on the lexan 
portion of the model.  Since the lexan end plates and bottom are rigid and do not undergo 
a significant amount of stress, the model could be constrained for all locations, thus 
eliminating the nodes and elements from the solver that calculates the stresses, strains and 
displacements.  The model in its current state has over 16,000 degrees of freedom.  By 
lowering the degrees of freedom by even 1,000 will theoretically decrease the solve time 
by near 6% (~4 hours). 
 
Table 27.  Comparison of Extracted Two Point Time Constant. 
 Less than Organs
(1.02 g/cm3) 
Equal to 
Organs 
(1.045 g/cm3)
Heavier than 
Organs 
(1.06 g/cm3) 
Much Heavier 
than Organs 
(1.50 g/cm3) 
Time Constant [sec] 139.0 139.7 139.9 129.8 
Steady State Time [sec] 303.3 304.7 305.2 282.3 
 
A similar trend that was observed with the average phantom tip displacement is seen in 
Table 27.  The ‘much heavier than organs’ case has a noticeably smaller time constant 
and time to reach steady state.  Previously, the maximum mass ratio near the point of 
injection showed a statistical dependence on the density of the injected fluid.  Based on 
the mass ratios presented in Table 24, the increase in the density difference between the 
injected fluid and the pre-injury fluid and the increase in the terminal velocity for a 
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spherical shaped particle, the denser fluid will diffuse into the bulk of the phantom at a 
faster rate. 
 
The ADINA simulation did not run long enough to show any kind of density 
stratification.  As indicated in Table 23, approximately 300 seconds are required to be 
near uniform mixture conditions.  The analysis was performed only up to 50 seconds. 
 
Drawing comparisons between the experimental and numerical models is difficult due to 
internal modeling differences.  One striking similarity did show that there was a increase 
in the amount of fluid that occupied the space between the top row of ‘organs’ and the 
latex scanning membrane once the membrane began to deflect.  The experimental model 
indicated through statistical analysis that there was no dependence on the injected fluid 
density on the increase in volume of the inter-organ volume spaces.  However, the 
numerical model indicated that if the density of the injected fluid is sufficiently large, 
then there will be a small but noticeable difference in the inter-organ volumes.  One 
factor that was not taken into account for both models was tethering of organs to each 
other through connective tissues.  Once the organs separated, there was no recovery or 
recoil reaction. 
 
ADINA is a valuable tool that can be used to illustrate differences between pre-injury and 
post-injury conditions.  It is particularly useful in illustrating the differences between 
different injury states and internal bleeding source severity by analyzing velocity profiles, 
displacement magnitudes and the diffusion of an injected fluid into the bulk of the 
phantom.   
 
ADINA can quickly adapt to modeling different severities and locations of internal 
bleeding that would require an entirely new experimental phantom to be fabricated.  It is 
suited more for experimental applications with idealized geometries rather than modeling 
actual human anatomy.  The limitations associated modeling contact and separation 
situations as well as the long solve times and required hardware make it a more useful 
research tool rather than a diagnosis tool. 
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5.5.  Comparison of Experimental and Numerical Results 
 
Comparing the experimental and numerical phantom is quite difficult since the test 
conditions were quite different.  The experimental phantom had a solid volume fraction 
of 93% whereas the numerical had a solid volume fraction of 29.8% in a pre-injury 
condition.   
Both phantoms analyzed the effect of an injected fluid density of 1.06 g/cm3.  In both 
cases there appeared to be no change in fluid accumulation and organ displacements 
compared with other fluid injection densities near the same value.  Numerically, once the 
injected fluid density becomes much larger (1.50 g/cm3), there are some momentum 
effects that are noticeable.  The greater density fluid displaced the organs slightly more.  
An injected fluid density with this value was not performed experimentally, so the actual 
effects are unknown.  In both models, fluid did tend to congregate between the top row of 
phantoms and the latex scanning membranes.  One major difference was experimentally, 
the ‘organs’ were constrained by other organs and by the latex scanning membrane.  In 
the numerical model, there were no constraints.  The experimental phantom may have 
reacted the same way if it had similar boundary conditions as the numerical model. 
 
Both phantoms did show a difference between a pre-injury and a post-injury state.  In the 
experimental model, the ultrasonic image changes were shown qualitatively.  Using 
statistical analysis, the increase in the inter-organ fluid volume was shown to be 
significant between pre-injury and post-injury states and independent of the injected fluid 
density.  Numerically, an average of the displacements at the tip of the phantoms did not 
show a significant dependence on the injected fluid density.  However, analyzing the 
maximum mass ratio near the front wall did show a significant dependence on the density 
of the injected fluid.  The difference in mass ratios can be attributed to the larger 
momentum effects a denser fluid has on the solid organs compared to less dense fluids 
run at the same simulation conditions. 
 
Numerically, the fluid requires a very long time to disperse and settle.  It was estimated 
that at least 300 seconds are required for the fluid to disperse evenly throughout the fluid 
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domain.  Experimentally, air bubbles and tiny pieces of TMM in the fluid domain were 
observed to be still moving approximately 80 seconds after the injected fluid had been 
turned off.  It is not known if the numerically modeled phantom will exhibit the same 
property because the simulation was only conducted up to 25 seconds after the inlet flow 
had been shut off.   
 
Another interesting comparison between the two models comes from observing the 
displacement of the latex scanning membrane directly midway between the lexan end 
plates.  Figure 86 shows z-displacement component as fluid was being injected into the 
numerical model to simulate injury conditions. 
 
Figure 86 shows that the membrane actually deflected inward a small amount and then 
slowly increased and then decreased the z-displacement magnitude.  There were some 
initial nonlinear affects as fluid was being pumped in, but after 40mL of fluid had been 
injected, the increase in the z-displacement was linearly proportional to the volume of the 
injected fluid. 
 
During testing of the physical phantom, with 150 mL of fluid injected, the z-displacement 
at the center was measured to be approximately 0.1”.  This is about 3 times greater than 
the value predicted by the numerical model.  The ADINA model may not have had 
accurate material properties entered into the program.  The method for determining the 
material properties of the latex can be seen in Appendix G. 
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Z-Displacement of Center Phantom Node vs. Fluid Injection 
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Figure 86.  Z-Displacement of Center Node of the Numerical Model Midway between 
Lexan End Plates as a Function of the Injected Fluid Volume 
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6.  CONCLUSIONS 
The goal of this thesis was to create an injury mimicking ultrasound phantom of the 
peritoneal cavity.  There have been no previous attempts to build such a phantom, so all 
the work was custom and original.  The most important consideration in creating this 
phantom was to make sure that it was similar to both in mechanical feel and in acoustic 
properties to human tissue.  This phantom is able to simulate normal conditions (absence 
of trauma), injury conditions (presence of trauma) and a return to normal conditions.  
This phantom is intended to be used as a training device for diagnosing an internal injury 
using the FAST exam.  The experimental results were presented at the Ultrasonics 
Symposium, 2006 and are awaiting publication in the Journal of Ultrasound in Medicine 
and Biology. 
 
The injury mimicking phantom was analyzed in a pre-injury, post-injury and a return to 
pre-injury state.  Cylindrical organs were created using an agar based recipe that had a 
density of 1.045 g/cm3.  Five different injury mimicking fluid densities were injected: 
1.00, 1.02, 1.04, 1.06 and 1.08 g/cm3.  A total of 98 ultrasound images were collected at 
equidistant locations along a predetermined scan plane.  Ultrasonically, 16.7% of the 
phantom volume was analyzed to detect if qualitative and quantitative differences exist 
between different states of injury. 
 
Qualitative analysis was performed by analyzing ultrasound images at three different 
locations along the scanning membrane: 1) near the wall, 2) halfway between the wall 
and the center of the phantom and 3) at the center of the phantom.  A set of qualitative 
criteria were developed to determine if a statistically significant change occurred within 
the collected ultrasound images between pre-injury and post-injury conditions.  These 
criteria accounted for the number of distinct agar ‘organs’ that appeared in each image, 
the number of organs that the top-center organ touched, the appearance of fluid above the 
top-center organ and the merger of two distinct fluid pockets.  Numerical values were 
assigned to each of the criteria for their appearance.  Using three different scoring 
methods and a Wilcoxon Rank-Sum Test, a qualitative change between all scan locations 
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and injected fluid densities was shown with a P-value < 0.05.  All three separate scoring 
methods arrived at the same conclusion and with the same degree of confidence that pre-
injury and post-injury conditions of the phantom were indeed statistically different. 
 
Using 3D ultrasonic imaging, Inter-organ fluid volumes of the pre-injury, post-injury and 
a return to pre-injury conditions inter-organ fluid pockets were reconstructed using the 
software package ITK-SNAP.  Limitations in the image quality of deeper parts of the 
image only allowed for two pockets to be analyzed.   
 
Chi-Squared and T-tests, showed that the density of the injected fluid volume had no 
influence on the inter-organ volumetric change from a pre-injury to a post-injury state in 
the experimental phantom.  Additionally, a T-test showed that there was a statistical 
difference in the inter-organ volume between the pre-injury and post-injury state, and that 
the post-injury and a return to pre-injury test condition are indeed different at a 99.9% 
confidence level.  Comparing the pre-injury and return to pre-injury status indicated that 
there were no significant changes. 
 
Medical personnel found the injury mimicking ultrasound phantom of the peritoneal 
cavity highly useful.  They were very excited about what the phantom was designed to 
simulate.  However, there were other positive attributes that they indicated the phantom 
could be used to train medical personnel for.  The ability to visualize injected fluid, 
modeling inter-peritoneal air and simulating what surgical tools that were inadvertently 
left in peritoneal cavity after surgery was also capable with this phantom as well.  The 
only enhancement desired was to replace the cylindrically shaped agar organs with 
anatomically shaped ones.   
 
The ADINA numerical model was capable of modeling the effect that an injected fluid 
had on solid organs within the bulk of the phantom.  Simulations that injected fluid with 
four different densities were conducted.  Unlike the experimental model, a strong 
dependence on the injected fluid density was found when observing the mass ratio 
contour, an expression of how the injected fluid has diffused into the bulk of the 
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phantom.  The inability to model dynamic contact conditions severely limited the 
complexity of the model that was created.  To avoid contact, a large gap had to be 
defined between adjacent organs.  This resulted in a misrepresentative volume fraction of 
the fluid and solid domains.   
 
ADINA is particularly useful in modeling phenomena that are not observable in the 
physical model.  Visualization of how fluid is dispersing into the bulk of the phantom can 
be very useful for improving the design of the injury mimicking phantom.  Also being 
able to track individual particles throughout the entire simulation also gives insight on 
how to improve the physical phantom design.  ADINA can still serve as an excellent 
design tool despite its limitations. 
 
The injury mimicking ultrasound phantom of the peritoneal cavity has a great potential of 
enhancing diagnosis capabilities of emergency response personnel.  It opens the potential 
for a new training device and encourages design of injury mimicking phantoms of other 
anatomical structures.   
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7. RECOMMENDATIONS 
 
The future development of a more anatomically representative injury mimicking phantom 
will depend largely the availability of anatomically shaped tissue mimicking materials on 
improving the experimental model construction and manufacturing capabilities.  As 
mentioned in Section 5.5, the ultrasonographers’ major source of criticism from the lack 
of realistic ‘organ’ geometry.  In addition, the agar, used in the design of this phantom, 
tends to grow bacteria once set out into a room temperature environment.  The likelihood 
of forming bacteria makes this phantom a very unattractive method of training medical 
personnel, especially in hospitals.  The most likely candidate for an improved organ 
material is a tissue mimicking polyurethane rubber.  This material does not have a 
propensity to absorb fluid or dissolve when placed in water.  Companies that manufacture 
this material often offer a lifetime warranty on use.   
 
For aesthetic purposes, being able to remove the worm gear clamps would greatly 
streamline the appearance of the phantom. 
 
Modeling the injury mimicking phantom numerically will achieve greater success when 
the improved contact algorithm becomes available in future versions.  The best use of 
ADINA is to use it as a design tool for further designs of the experimental model and not 
for verification of experimental results. 
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Appendix A – Recipe for Making Agar Solution 
 
We briefly outline the fabrication of the phantom.   
 
1) Heat the distilled water to a minimum of 85°C. 
2) Add the agar and mix well with water at the above temperature 
3) Add the methyl paraben and mix well. 
4) Cool the mixture to 80°C 
5) At 80°C add the graphite powder and mix well 
6) Allow the mixture to cool to 70°C 
7) Add the 1-propanol 
8) Allow the mixture to degas (lose internal air bubbles) for 15 minutes while still 
maintained at 70°C 
9) Pour solution gently into the mold 
10) Cover the mold tightly to prevent in gassing 
11) Let sit for approx 12 hours 
12) Store the phantom in a degassed environment.  This solution can be used for 
upwards of 2-3 weeks without losing its properties 
 
 
Distilled Water        Agar        Methyl Paraben        Graphite        1-propanol 
 
600ml            18g               0.75g                  54g                  50ml 
 
 
 
Figure A-1.  Illustration of Pouring Agar Tissue Mimicking Material 
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Appendix B – MATLAB Programs for Image Cropping and *.raw File Creation 
 
Appendix B.1– MATLAB Program Used to Crop Ultrasound Images for ITK-SNAP 
% This program crops down the ultrasound images to highlight only the sections that are  
%analyzed for fluid accumulation. 
clc 
clear all 
imagein=uint8(zeros(535,424,98)); % replace SizeX, SizeY and SizeZ with effective  
% values. They can also be deduced from images. 
 for z=0:97,% labeling of ultrasound images 
   tmp=imread(sprintf('ABD(%03d).bmp',z)); 
   tmp=tmp(327:750,466:1000)';%yboundaries,xboundaries 
   imagein(:,:,z+1)=tmp; 
 end 
 fid=fopen('preinjury_1_00_crop.raw','w');  %f  ile name in ' ' is used by ITK-SNAP 
 fwrite(fid,imagein,'uint8'); 
 fclose(fid); 
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Appendix B.2 – MATLAB Program Used to Crop Black Regions Around Ultrasound  
   Images 
clc 
clear all 
 imagein=uint8(zeros(1440,1041,98)); % replace SizeX, SizeY and SizeZ with effective  
% values. They can also be deduced from images. 
 for z=0:97, 
   tmp=imread(sprintf('ABD(%03d).bmp',z)); 
   tmp=tmp(90:1130,1:1440)';%yboundaries,xboundaries 
%    tmp=uint8(double(tmp)>120); % set a threshold level at 120 
   imagein(:,:,z+1)=tmp; 
 end 
 fid=fopen('preinjury_1_00__wholething_crop.raw','w'); 
 fwrite(fid,imagein,'uint8'); 
 fclose(fid); 
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Appendix C – Step by Step Instructions for Creating a Volume in VolSuite 
 
1) We will import the *.raw file created in MATLAB in Appendix B.2 that cropped out 
only a portion of the black section around the ultrasound image.  Open VolSuite and 
follow the instructions on the image below. 
 a)  Press File -> Load Object -> RAW Volume 
 
 
Figure C-1.  Steps to Open *.raw File in VolSuite. 
 
2) Browse until you find the *.raw file that you want and enter in the following values: 
 a) Header = 0 
 b) Width = SizeX in the MATLAB file used to create the cropped file 
 c) Height = SizeY in the MATLAB file used to create the cropped file 
 d) Depth = Size Z in the MATLAB file used to create the cropped file 
 e) Channels = 1 
3) Click Import 
4) The 3D volume is ready to be viewed.  Click View -> 3D Data Viewer to get the  
following image: 
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Figure C-2.  Default View of Created Volume in VolSuite. 
 
5) The correct distance between scan plane images must be entered in.  Do this by double 
clicking on the file name in the smaller window where the *.raw file is displayed.  In the 
width enter 0.0039, for the height enter 0.0041 and for the depth enter 0.04. 
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Figure C-3.  Voxel Dimensions (Resolution) Entry Option in VolSuite. 
 
6) Once the values for the width, height and depth are entered, the window with the 
volume will automatically update.  By clicking and holding the left button on the mouse 
and moving the mouse, the volume may be reoriented into the desired position. 
 
 
Figure C-4. 3D View with Low Grade Surface Texture Rendering. 
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7) To change the appearance of the image, double click on the ‘RegularVolume Texture-
map Renderer’.  By clicking on the ‘Brightness-Contrast-Levels’, the image may be 
enhanced by changing the range of displayed pixel intensities, such as in the Figure C-5. 
 
 
Figure C-5.  Enhanced ‘Organ’-Fluid Boundaries of 3D Ultrasound Image. 
 
This gives a definite enhancement to the visualization of the image.  Now individual 
phantoms (light color) and inter-organ fluid volumes (darker regions) are seen 
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Appendix D – Step-by-Step Instructions for Viewing Inter-Organ Fluid Volumes in 
ITK-SNAP 
 
1) Load the *.raw file created from the cropped down images in MATLAB. 
 
 
Figure D-1.  Opening a Series of Images in ITK-SNAP for 3D Fluid Volume Estimation. 
 
2) Set the Header size to 0.  Enter in the image dimensions of the file.  These values 
are obtained from the SizeX, SizeY and SizeZ in the corresponding MATLAB 
file used to create the *.raw file.  The voxel spacing to 0.01, 0.01 and 0.11 for the 
X, Y and Z directions respectively.  Set the voxel representation to: 8 bit, 
unsigned (uchar) and the Byte Alignment to: Little Endian (for Intel and AMD 
processors) or to Big Endian for Mac and Unix operating systems.  Click Next. 
 
 
Figure D-2.  Image Dimensions and Voxel Spacing Data Entry Page. 
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3) Make sure the ‘Select an orientation preset’ is set to ‘Custom’.  Click ‘Next’ and then 
‘Finish’ on the following page.  The following screen should appear: 
 
 
 
Figure D-3.  ITK-SNAP Output After All Ultrasound Images Have Been Entered. 
 
4) The data must now be segmented.  Do so by clicking the  symbol in the upper 
left corner of the screen below: 
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Figure D-4.  Highlighted Entry for Beginning Segmentation Process of 3D Ultrasound 
Volume. 
 
5) Now select the SnAP Region Tool  on the following screen 
 
Figure D-5.  Illustration of Location of SnAP Region Tool in ITK-SNAP. 
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6) Next select the option ‘Image edges’ and click ‘Preprocess Image’ to get the following 
screen: 
 
 
Figure D-6.  Edge Filtering Toolbar Exhibition. 
 
6) Set the ‘Scale for Gaussian blurring (sigma)’ to 1.0, the ‘Edge contrast (kappa)’ to 
0.100 and ‘Edge mapping exponent’ to 2.0 and click ‘Apply’ to get the following image: 
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Figure D-7.  Result of Edge Boundary Detection Algorithm in ITK-SNAP. 
 
Note that the darker regions (fluid) now appear almost totally white.  This will assist the 
program to differentiate the water from the agar phantom material. 
Click ‘Next’ 
 
7) On this page, we define a series of small spheres that will gradually diffuse throughout 
the inter-organ fluid volume.  For the purposes of this demonstration, only the upper left 
fluid pocket will have a volume constructed.  Apply the cursor over the scroll bar until 
image 25 of 98 is selected.  Next click “Add Bubble”.  Change the radius to 0.100.  Scroll 
up to image 50.  Apply a bubble with the same radius to the center of the fluid pocket.  
Scroll up to image 75, add a bubble with radius 0.100.  
Press ‘Next’. 
 
8) This page defines the parameters that will allow the spheres to expand voxel by voxel 
until the reach the fluid-organ boundary.  Click on ‘Set Parameters’.  There are three 
parameters that must be defined: Balloon Force, Curvature Force and Advection Force.  
These snake parameters use the equation: 
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According to the ITK-SNAP, there are three different velocities that may be assigned to 
allow propagation of the voxels, known as ‘snakes’, to fill the desired segmented volume.  
There is the propagation velocity, the curvature velocity and the advection velocity.   
 The propagation velocity is the most commonly used velocity within ITK-SNAP.  
This velocity is directly proportional to the image intensity of the image.  This constant 
can be set as positive or negative, which allows for the propagation velocity to point 
outwards and inwards respectively.  For regions with a homogeneous intensity, the snake 
will expand or contract at a constant speed. 
 The curvature velocity controls the shape of the evolving snake.  This feature also 
helps to prevent the evolution of the snake from leaking into different regions or 
structures.  The curvature velocity’s direction is inwardly pointing normal to the 
curvature.  This velocity is used to slow down the snake at highly curved regions and 
smoothes out sharp corners that may have otherwise occurred. 
 The advection velocity is used in conjunction with the image edge feature only.  
Essentially, this velocity slows down the snake at regions where there is a large voxel 
intensity gradient, preventing the snake evolution spilling over into undesirable regions.  
This velocity is the dot product of the unit vector perpendicular to the snake and the 
image intensity gradient.  When the snake is near the edge of an image, the advection 
force is greatest at the edge and prohibits the snake from expanding any further. 
 For the sake of this experiment, we chose the balloon force to be 1.5, the 
curvature force to be 0.2 and the advection force to be 5.0. 
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Figure D-8.  Setting the Expansion, Detail and Boundary Detection Algorithm 
Parameters. 
 
The step size was set to 10 and the play button was pressed. 
9) The program was allowed to run for 10,000 iterations and the following rendering 
of the 3D volume appears in the following image 
 
 
Figure D-9. Results of 3D Fluid Volume Estimation. 
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The top-left image represents the R-L and A-P planes (face 1), the upper-right image 
represents the A-P and S-I planes (face 2), the bottom-right corner represents the R-L 
and S-I planes (face 3) when observing the phantom volume as a rectangular prism. 
 
 
 
Figure D-10. Diagram Illustrating the Location of the Right-Left (x-axis), Anterior-
Posterior (y-axis) and Inferior-Superior (z-axis) Axes. 
 
10) The final step and most important quantity in the whole project, is to determine 
the fluid volume count from the voxel count in ITK-SNAP.  This is done by 
following the instructions on Figure  .  Save the file as a *.txt file in the directory 
containing the segmentation data for the cropped down image. 
11)  
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Figure D-11.  Location for Saving Volumetric Data of 3D Fluid Volume. 
 
The output file displays five quantities: Label, Number, Volume, Mean and SD.  The 
most important quantity here is the ‘Number’.  This gives the number of voxels 
obtained by the segmentation data.  With the number of voxels and the known 
volume of each individual voxel (see Appendix E), the fluid volume may be found.  
For example, in this example file, there are 782,134 voxels.  From Appendix E, it was 
shown that there 8.466 x 10-6 mL/voxel.  The product of the voxel count and the 
volume per voxel gives the volume in mL.  Here, the volume is 6.62 mL.  The 
disagreement between the volume calculated here and the volume calculated in the 
output file is a result of an incorrect dimensionality of the pixel spacing to the 
distance between the ultrasound images. 
 
 
 
Figure D-12.  Sample Text File Detailing Voxel Count, Volume of Fluid, Mean Intensity 
of Counted Voxels and Standard Deviation of the Counted Voxel. 
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Appendix E – Voxel Volume Calculation 
 
Each ultrasound image has a resolution of 284 x 284 dots per square inch.  This 
corresponds to: 
2284 284 80,656
dots dots pixelsx
in in in
⎛ ⎞ ⎛ ⎞ =⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠  
We also know the spacing of the ultrasound images captured in Terason.  Images were 
captured every 30o.  One revolution of the Vectra control dial moves the transducer head 
0.5”.  Therefore for each turn of the dial to the next location of ultrasonic image capture, 
there is: 
[ ] [ ][ ]
1 10.5
12 24
rev inin x
images image
⎛ ⎞ ⎡ ⎤=⎜ ⎟ ⎢ ⎥⎜ ⎟ ⎣ ⎦⎝ ⎠
 
between adjacent ultrasound images.  These quantities can now be calculated into a 
volume per pixel. 
2 31 1 1
80,656 24 1,935,744
in in pixel image inx x
pixel image voxel voxel
⎡ ⎤ ⎡ ⎤⎡ ⎤ −⎡ ⎤ =⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦⎣ ⎦ ⎣ ⎦
 
Since the injected fluid volume is reported in mL, the above value must be converted into 
the same quantity. 
( )
33
6
3
1 2.54 8.466 10
1,935,744
in cm mL mLx x x
voxel in cm voxel
−⎡ ⎤ ⎛ ⎞⎡ ⎤ ⎡ ⎤ ⎡ ⎤=⎢ ⎥ ⎜ ⎟⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦⎝ ⎠⎣ ⎦
 
Using this value, by taking the inverse of the above quantity reveals that 118,126 voxels 
are equivalent to 1 mL of fluid. 
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Appendix F – Calculation of Voxel Spacing for ITK-SNAP 
1) Each ultrasound image has a resolution of 284 dots x 284 dots per square inch.  
The resolution of each image is 1600 x 1200 in the x and y directions 
respectively. 
2) There were 12 images collected per every revolution of the Vectra transducer 
head positioning system. 
 
X spacing 
[ ]
[ ]
1600 1 0.00391
1440284
dots inx dotdots dots
inch
⎛ ⎞⎜ ⎟ ⎡ ⎤= ⎣ ⎦⎜ ⎟⎡ ⎤⎜ ⎟⎣ ⎦⎝ ⎠
 
Y Spacing 
[ ]
[ ]
1200 1 0.00406
1041284
dots inx dotdots dots
inch
⎛ ⎞⎜ ⎟ ⎡ ⎤= ⎣ ⎦⎜ ⎟⎡ ⎤⎜ ⎟⎣ ⎦⎝ ⎠
 
Z spacing 
0.5 0.04167
12
in in
image image
⎡ ⎤ ⎡ ⎤⎛ ⎞ =⎜ ⎟ ⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎣ ⎦ ⎣ ⎦  
Therefore the spacing for the x, y and z parameters in VolSuite are as indicated 
above. 
 
 
 
 168
 
 
Figure F-1.  3D Representation of Phantom with the Calculated Voxel Spacing. 
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Appendix G – Stress-Strain Data Calculation from Latex and Neoprene Rubber 
Tensile Tests 
 
This appendix presents the stress-strain data of the elastic materials used to model 
the injury mimicking phantom.  All the materials, other than the lexan housing material 
were modeled using an Ogden material model.  The details of formulating the Ogden 
model can be seen in Section 2.5 of the Background chapter. 
During the course of this project, there were three different types of rubber, butyl, 
soft neoprene and latex, that were investigated as potential candidates based on there 
distention and acoustic properties.  First and foremost, the ultrasound signal must be able 
to propagate through the scan plane material.  In order to diminish the attenuation of the 
ultrasound through the scanning membrane, it is optimal that the thickness of the 
scanning membrane is less than 1/2 of the wavelength of the ultrasound signal. 
The wavelength is equal to the speed of sound in the medium divided by the 
signal frequency.  The speed of sound is given by the equation 
c κρ=          (G-1) 
where c is the speed of sound [m/sec] and ρ is the density [kg/m3] and κ is the bulk 
modulus.  Unfortunately, the bulk modulus is not a material property that is widely 
reported.  ADINA can calculate the bulk modulus by using the stress-strain curve data by 
assuming an Ogden material model and slight compressibility. 
 The tensile tests were conducted in the Biomechanics lab by Mike Scarsella under 
the direction of Professor Allen Hoffman at WPI.  The tensile tests were conducted on an 
Instron In-Spec 2200 Benchtop Portable tensile testing machine.  A maximum of 225 N 
can be applied at a velocity up to 250 mm/min.  Table G-1 shows the material, density, 
thickness and the strain that the tests were conducted up to.  There were three tensile tests 
conducted for each sample: 1) 10% strain, 2) 15% strain and 3) 20% strain.  The stress-
strain curves shown in this appendix use the 20% strain test sample. 
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Table G-1.  Material Density, Thickness and Test to % Strain of Analyzed Rubber. 
Material Density [g/cm3 (lb/in3)] Thickness [mm (in)] Tested to x% Strain 
Butyl Rubber 1.15 (0.0415) 3.175 (0.125) 140% 
Soft Neoprene 1.23 (0.0444) 3.175 (0.125) 117% 
Latex 1.109 (0.0401) 1.02 (0.40) 20% 
 
 The tensile data are collected and reported in terms of extensometer extension (in 
[mm]) and load applied (in [g]).  Once the material was extended to a certain amount the 
test was stopped and the stress-strain data curves were collected.  The stress-strain data 
was plotted in terms of the engineering stress vs. engineering strain as well as the true 
stress vs. true strain.  The engineering stress is defined as 
0
e
P
A
σ =          (G-2) 
where σe is the engineering stress [psi], P is the load [lbf] and A0 is the original area 
before tensile testing.  The engineering strain is defined as 
0
e
L
L
ε Δ=          (G-3) 
where εe is the strain, ΔL [in] is the change in the length of the rubber sample during 
testing and L0 [in] is the original test length of the piece. 
 Since there is a large degree of deformation of the test sample’s cross sectional 
area, the stress and strain relationship is more accurately described in terms of the true 
stress and true strain curves.  The true stress is expressed by 
( )1t e eσ σ ε= +         (G-4) 
and the true strain is defined by Eq. [G-5]. 
( )ln 1t eε ε= +          (G-5) 
The units of the true stress and strains are the same for the engineering stress and strain.  
The derivations for the true stress and strain can be seen in [31]. 
 Using Eqs. [G-2 – G-5], the stress strain profiles were generated for all the tested 
materials.  Figure G-1 through G-3 show the engineering and true stress-strain profiles 
for the three analyzed rubbers. 
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Engineering and True Stress vs. Strain for Butyl Rubber
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Figure G-1.  Engineering and True Stress-Strain Curves for Butyl Rubber. 
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Figure G-2.  Engineering and True Stress-Strain Curves for Soft Neoprene. 
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Engineering and True Stress [psi] vs. Strain [-] for Latex
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Figure G-3.  Engineering and True Stress-Strain Curves for Latex. 
 
Using the capability of ADINA to find the bulk modulus of a material based on the 
stress-strain properties of an Ogden material model, Table G-2 shows the bulk moduli 
[psi] based on the assumption of engineering or true stress-strain curves.  The ADINA 
model uses Eqs. 46 to apply a best fit line to the stress-strain data. 
 
Table G-2.  Bulk Moduli for Tested Rubber Materials. 
Material κengineering [psi] κtrue [psi] 
Butyl Rubber 59,600 67,100 
Soft Neoprene 14,800 15,800 
Latex 62,700 66,000 
 
With the data of the bulk moduli from Table G-2 and the density in Table G-1, estimates 
of the speed of sound in each of the materials can be made.  The speeds of sound are 
presented for each material and assumption of stress-strain curve in Table G-3. 
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Table G-3.  Speed of Sound for Tested Rubber Materials for Different Stress-Strain 
Bulk Modulus Assumptions. 
Material Speed of Sound for Engineering Stress-
Strain [m/sec (mph)] 
Speed of Sound for True 
Stress-Strain [m/sec (mph)] 
Butyl Rubber 598 (1340) 634 (1420) 
Soft Neoprene 288 (644) 298 (666) 
Latex 624 (1400) 640 (1430) 
 
Now, we are able to make estimations of the allowable thickness of the scanning 
membrane based on the speed of sound in the medium and the operating frequency of the 
ultrasonic signal.   
 Previously, it was stated that the thickness of the scanning material was desired to 
be less than 1/2 of the wavelength of the ultrasonic wave during propagation.  The 
wavelength is defined by Eq. G-6. 
f
c=λ           (G-6) 
Here λ is the wavelength [m], c is the speed of sound [m/sec] and f is the frequency 
[MHz].  The criterion that is desired is seen in Eq. (G-7) 
   1 1
2 2
c
f
λ =             (G-7) 
 
 [ ]
[ ]
[ ]
[ ] [ ]
[ ]
[ ]
[ ]6
1 1000 11 1 sec * * * *
12 2 10 1 25.4
sec
mc MHz Hz mm in
f MHz Hz m mm
λ
⎛ ⎞ ⎛ ⎞⎡ ⎤ ⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎣ ⎦⎜ ⎟ ⎜ ⎟= ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎡ ⎤⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦⎝ ⎠ ⎝ ⎠
   (G-8) 
Using Eq. (J-8) will give the maximum thickness of the material in millimeters.  Equation 
(G-7) and (G-8), the maximum thicknesses were used to calculate the values in Table G-
4.  The bulk modulus used was determined from the engineering stress and engineering 
strain. 
 
 
 174
Table G-4.  Allowable Rubber Scanning Membrane Thickness Allowed with 1/2 λ 
Assumption. 
Material Allowable Thickness Based on [G-8] [in] 
Butyl Rubber 0.0026 [32] 
Soft Neoprene 0.0013 [32] 
Latex 0.0027 [33] 
 
There is a major problem with this analysis however.  The speeds of sound are much 
lower than that compared to those in the accepted values.  The speeds of sound found in 
literature were found are reported in Table G-5. 
 
Table G-5.  Literature Reported Values of the Speed of Sound in Different Rubbers. 
Material Reported Speed of Sound [m/sec] 
Butyl Rubber 1740 
Soft Neoprene 1830 
Latex 1570 
 
The bulk modulus can be found from the Eq. (G-1).  Using this equation and the densities 
of rubber, the calculated bulk moduli based on the acoustic properties of the materials can 
be seen in Table G-6. 
 
Table G-6.  Calculated Bulk Moduli Based on Literature Reported Speeds of Sound. 
Material Bulk Modulus [MPa (psi)] 
Butyl Rubber 3480 (504,500) 
Soft Neoprene 4100 (595,000) 
Latex 2720 (394,000) 
 
It is immediately apparent that there is a large discrepancy between what the bulk 
modulus is calculated as based on the stress-strain data compiled in ADINA and based on 
the acoustic properties of the material.  The difference in the bulk modulus between the 
two different methods definitely will give a different indication of what the allowable 
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membrane thickness.  Using the values of the bulk modulus in Table G-6, the allowable 
thickness would be: 
 
Table G-7.  Maximum Allowable Rubber Thickness Based on Literature Bulk 
Moduli to Have Negligible Ultrasound Attenuation. 
Material Maximum Allowable Thickness [mm (in)] 
Butyl Rubber 0.193 (0.0076) 
Soft Neoprene 0.203 (0.008) 
Latex 0.174 (0.0069) 
 
These indicated thicknesses are very small.  Therefore as a compromise between the 
mechanical and acoustical properties, the attenuation of the signal will have to be the 
parameter of choice in order to determine the maximum allowable thickness. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 176
Appendix H – Initial Ultrasonic Evaluation of Physical Ultrasound Phantom 
Test Case 2 – Injected Fluid Density = 1.02 g/cm3 
 
       
      (a)         (b) 
 
 (c)  
 
Figure H-1.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
1 for Injected Fluid Density =1.02 g/cm3 
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(a)            (b) 
 
(c) 
 
Figure H-2.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
2 for Injected Fluid Density =1.02 g/cm3. 
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(a)      (b) 
 
(c) 
 
Figure H-3.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
3 for Injected Fluid Density =1.02 g/cm3 
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Test Case 3 – Injected Fluid Density = 1.04 g/cm3 
      
(a)      (b) 
 
(c) 
 
Figure H-4.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
1 for Injected Fluid Density =1.04 g/cm3. 
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(a)      (b) 
 
(c) 
 
Figure H-5.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
2 for Injected Fluid Density =1.04 g/cm3 
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(a)      (b) 
 
(c) 
 
Figure H-6.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
3 for Injected Fluid Density =1.04 g/cm3. 
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Test Case 4 – Injected Fluid Density = 1.06 g/cm3 
   
(a)      (b) 
 
(c) 
 
Figure H-7.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
1 for Injected Fluid Density =1.06 g/cm3. 
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(a) (b) 
 
(c) 
 
Figure H-8.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
2 for Injected Fluid Density =1.06 g/cm3. 
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(a)      (b) 
 
(c) 
 
Figure H-9.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at Location 
3 for Injected Fluid Density =1.06 g/cm3. 
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Test Case 5 – Injected Fluid Density = 1.08 g/cm3 
         
(a)      (b) 
 
(c) 
 
Figure H-10.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at 
Location 1 for Injected Fluid Density =1.08 g/cm3. 
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(a)      (b) 
 
(c) 
 
Figure H-11.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at 
Location 2 for Injected Fluid Density =1.08 g/cm3. 
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(a)      (b) 
 
(c) 
 
Figure H-12.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury Status at 
Location 3 for Injected Fluid Density =1.08 g/cm3. 
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Appendix I – All 3D Representations of Injury Mimicking Ultrasound Phantom 
 
  
(a) 
 
(b) 
 
(c) 
Figure I-1.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury 3D Ultrasound 
Representations for ρ = 1.00 g/cm3 
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(a) 
 
(b) 
 
(c) 
 
Figure I-2.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury 3D Ultrasound 
Representations for ρ = 1.04 g/cm3. 
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(a) 
 
(b) 
 
(c) 
 
Figure I-3.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury 3D Ultrasound 
Representations for ρ = 1.06 g/cm3. 
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(a) 
 
(b) 
 
(c) 
 
Figure I-4.  (a) Pre-injury, (b) Post-injury and (c) Return to Pre-injury 3D Ultrasound 
Representations for ρ = 1.08 g/cm3. 
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Appendix J– Wilcoxon Rank-Sum Test of Qualitative Data 
 
This test will analyze if the scores used for the three methods presented show that there is 
a qualitative difference between locations 1, 2 and 3. 
 
1) Test the hypothesis that H0: μ1 = μ2. 
2) Reject H0 if w1 or w2 < w0.05 = 17 for n1 = n2 = 4. 
3) Organize the difference between pre-injury and post-injury scores into one table. 
Table J-1.  Score Difference between Pre-injury and Post-injury Conditions for 
Each Fluid Injection Density. 
Injected Fluid 
Density 
[g/cm3] 
Location 1 Location 2 Location 3 
1.00 0 3 7 
1.02 0 3 6 
1.04 0 1 4 
1.06 0 4 8 
1.08 0 2 8 
 
4) Compare only two conditions at a time and organize the data in ascending order.  
Note the location that each score occurs at and assign a numerical rank to them.  
If there are scores that are the same, assign the average rank that each would have 
had. 
 
Table J-2.  Organization of Sign-Rank Test Scores for Each Location Comparison. 
1 vs. 2   1 vs. 3   2 vs. 3   
Location 
# Score Rank 
Location
# Score Rank 
Location
# Score Rank 
1 0 3 1 0 3 2 1 1 
1 0 3 1 0 3 2 2 2 
1 0 3 1 0 3 2 3 3.5 
1 0 3 1 0 3 2 3 3.5 
1 0 3 1 0 3 2 4 5.5 
2 1 6 3 4 6 3 4 5.5 
2 2 7 3 6 7 3 6 7 
2 3 8.5 3 7 8 3 7 8 
2 3 8.5 3 8 9.5 3 8 9.5 
2 4 10 3 8 9.5 3 8 9.5 
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5) Find the sum of the scores, w1, for the first location compared for each test (1, 1 
and 2) respectively.  Then find w2. 
( )( )1 2 1 2
2 1
1
2
n n n n
w w
+ + += −       (J-1) 
For each test, the values of w1 and w2 are given in Table . 
 
Table J-3.  Wilcoxon Parameters for Each Location Comparison for Three Different 
Scoring Methods. 
Location 
Comparison 1 vs. 2 1 vs. 3 2 vs. 3 
w1 15 15 15.5 
w2 40 40 39.5 
 
 
6) Observe that w1 < w0.05 for all scoring methods.  Therefore reject H0 and conclude 
that there is a qualitative difference between different locations. 
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Appendix K – Calculations Using Chi-Squared Statistical Test 
 
This test illustrates the statistical significance of the injected fluid on the inter-organ 
volume increase from pre-injury to post-injury conditions. 
 
The hypothesis is: 
H0: The inter-organ fluid volume change from a pre-injury to a post-injury stage is  
dependent of the density of the injected fluid volume. 
 
1) Organize the volumetric data as seen in Table J-1 below 
   
Table K-1.  Initial Format of Analyzed Data. 
Density 
[g/cm3] 1.00 1.02 1.04 1.06 1.08 
Pre-injury 
Volume [mL] 6.62 5.78 4.72 6.00 3.69 
Post-injury 
Volume [mL] 10.71 10.31 11.98 16.87 11.18 
 
The next step is to obtain the sum of each row (2 total) and column (5 total).  The 
summation values for each row and table can be seen below: 
 
Table K-2.  Summation Values of Each Row and Column. 
Row 1 Row 2 Column 1 Column  2 Column 3 Column 4 Column 5 
26.81 61.05 17.33 16.09 16.7 22.87 14.87 
 
Then, the summation of the row values (or column values) is found.  Here it is 87.86.  
Now, for each data entry, the expected value, Ei will be calculated using the following 
equation 
( )( )
,
j i
i j
ColumnSum RowSum
E
Total
=  for i=1,2 and j=1,..,5   (J-2) 
Using the above equation, the following expected values were found 
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Table K-3.  Expected Inter-organ Volumes. 
Density 1.00 1.02 1.04 1.06 1.08 
Pre-Injury 5.288 4.910 5.096 6.979 4.537 
Post-injury 12.041 11.18 11.60 15.89 10.33 
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Appendix L – Steps for performing T-test analysis 
 
1. Comparison of three groups will occur: a) pre-injury and post-injury, b) 
post – injury and a return to pre-injury and c) pre-injury and a return to 
pre-injury 
2. Find the values of T0 for each test combination. 
3. Compute ν for each test combination.  Round the value to the nearest 
whole number. 
4. Check the t-chart Table (included in Appendix N) for a 1-tailed test. 
5. Find a confidence, α, based on the values of ν, such that T0 > tα, ν.  This 
determines to what percentage certainty the statement “There is a 
quantitative difference in the inter-organ fluid volume between state 1 and 
state 2”. 
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Appendix M – F-test Analysis of Phantom Tip Displacement 
 
Using a block design, with treatments being the injected fluid density 1.02 g/cm3, 1.045 
g/cm3, 1.06 g/cm3 and 1.50 g/cm3 (a = 4) and the blocks being time = 5, 25 and 45 
seconds (b=3) the following procedure is followed. 
 
1) Form the null hypothesis 
H0:  μ1.02 g/cm3 = μ1.045 g/cm3 = μ1.06 g/cm3 = μ1.50 g/cm3 
H1: At least one injection fluid density yields different average phantom tip  
      displacements 
Accept H0 if f0 < f α,ν1,ν2. 
2) Create a table with the average tip displacement values for each injected fluid 
density and time analyzed.  Find the average for each simulation case and each 
time as well as the average for the entire system. 
Table M-1.  Average Phantom Tip Displacements [in] Including Setup of F-Test for 
a Block Structure. 
Simulation Case 5 seconds 15 seconds 25 seconds Row Average 
 
Less Dense than Organs 
(1.02 g/cm3) 0.0149831 0.0825559 0.0866224 6.14E-02  
Density Equal to Organs 
(1.045 g/cm3) 0.0150451 0.0831204 0.0867330 6.16E-02  
Denser than Organs 
(1.06 g/cm3) 0.0150469 0.0831472 0.0867383 6.16E-02  
Much Denser than Organs 
(1.50 g/cm3) 0.0151906 0.0850057 0.0891980 6.31E-02  
Column Average 1.51E-02 8.35E-02 8.73E-02 Total Average 6.19E-02
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3) Calculate the following parameters: 
( )2..
1 1
a b
T ij
i j
SS y y
= =
= −∑∑           (M-1) 
where: 
SST – Sum of Squares Identity 
a – Number of Treatments (Injected Fluid Densities) 
b – Number of Blocks (Separate Times that the Data was Analyzed At) 
yij – ith,jth component of Table M-1 
..y - Total Average of the Block Structure 
 
 
( )2. ..
1
a
Treatments i
i
SS b y y
=
= −∑         (M-2) 
where: 
SSTreatments – Treatment Sum of Squares 
.iy  - Average of the i
th row 
 
( )2. ..
1
b
Blocks j
i
SS a y y
=
= −∑        (M-3) 
where: 
SSBlocks – Block Sum of Squares 
. jy  - Average of j
th column 
 
E T Treatments BlocksSS SS SS SS= − −        (M-4) 
where: 
SSE – Error Sum of Squares 
1
Treatments
Treatments
SSMS
a
= −         (M-5) 
where: 
MSTreatments – Mean Square of the Treatments 
( )( )1 1EE
SSMS
a b
= − −         (M-6) 
where: 
MSError – Mean Square of the Error 
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0
Treatments
E
MSf
MS
=         (M-7) 
where: 
f0 – F-test Statistic 
 
In this test, the above values were found: 
 
Table M-2.  Calculated Parameters for F-Test. 
SST 1.32E-02 
SSTreatments 5.72E-06 
SSBlocks 1.32E-02 
SSE 2.42E-06 
MSTreatments 1.91E-06 
MSE 4.03E-07 
f0 4.73 
 
4) Find the comparison statistic based on the acceptable P-value < 0.05 and the 
degrees of freedom.  For this test, the test statistic f α,ν1,ν2 has a significance level α 
equal to the maximum acceptable P-value (0.05), ν1 = a-1 = 3 and  
ν2 = (a-1)(b-1) = 6.  Using the table in [32], f α,ν1,ν2 = 4.76. 
5) Since f0 < f α,ν1,ν2 conclude that the injected fluid density does not significantly 
affect the average phantom tip displacement. 
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Appendix N – F-test Analysis of Maximum Mass Ratios 
 
Using a block design, with treatments being the injected fluid density 1.02 g/cm3, 1.045 
g/cm3, 1.06 g/cm3 and 1.50 g/cm3 (a = 4) and the blocks being time = 5, 25 and 45 
seconds (b=3) the following procedure is followed. 
 
1) Form the null hypothesis 
H0:  μ1.02 g/cm3 = μ1.045 g/cm3 = μ1.06 g/cm3 = μ1.50 g/cm3 
H1: At least one injection fluid density yields different maximum mass ratio 
Accept H0 if f0 < f α,ν1,ν2. 
2) Create a table with the maximum mass ratio for each injected fluid density and 
time analyzed.  Find the average for each simulation case and each time as well as 
the average for the entire system. 
 
Table N-1.  Average Phantom Tip Displacements [in] Including Setup of F-Test for 
a Block Structure. 
Simulation Case 5 seconds 15 seconds 25 seconds Row Average 
 
Less Dense than Organs 
(1.02 g/cm3) 0.421 0.449 0.389 0.4197  
Density Equal to Organs 
(1.045 g/cm3) 0.420 0.449 0.389 0.4193  
Denser than Organs 
(1.06 g/cm3) 0.420 0.449 0.389 0.4193  
Much Denser than Organs 
(1.50 g/cm3) 0.417 0.446 0.382 0.4150  
Column Average 0.4195 0.4483 0.3873 Total Average 0.4183 
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3) Using the same equations in Appendix M step 3), the required sum and mean 
squares were found: 
 
Table N-2.  Calculated F-Test Parameters for Analyzing Mass Ratios. 
SST 7.50E-03
SSTreatments 4.47E-05
SSBlocks 7.45E-03
SSE 7.83E-06
MSTreatments 1.49E-05
MSE 1.31E-06
f0 11.40
 
4) Find the comparison statistic based on the acceptable P-value < 0.05 and the 
degrees of freedom.  For this test, the test statistic f α,ν1,ν2 has a significance level α 
equal to the maximum acceptable P-value (0.05), ν1 = a-1 = 3 and  
ν2 = (a-1)(b-1) = 6.  Using the table in [32], f α,ν1,ν2 = 4.76. 
5) Since f0 > f α,ν1,ν2, reject the null hypothesis, H0, conclude that at least one fluid 
injection density affects the maximum mass ratio. 
 
 
